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VIBRATION ALLY  EXCITED  IONS;  QUENCHING, LIFETIMES 


Report  on  USAF  research  grant. 

This  grant  was  provided  under  an  emergency  procedure  to  enable  a 
successful  collaboration  between  Dr.  Eldon  Ferguson  at  Unlversite 
de  Paris-Sud  and  U.C.W.  Aberystwyth  to  continue  when  the 
Aberystwyth  SERC  support  failed  for  a  period  of  9  months, 
(category  alpha  but  unfunded!)  SERC  support  was  renewed  In 
October  1988.  The  USAF  support  came  too  late  to  enable  me  to 
employ  Dr.  R.  Richter  from  Professor  W.  Lindingers  laboratory  at 
Innsbruck  but  it  was  invaluable  in  that  it  enabled  us  to  re-start 
our  measurement  programme  by  providing  gas  supplies  etc. 

The  collaboration  between  Paris-Sud  and  Aberystwyth  has  now  been 
going  on  for  nearly  two  years  and  has  produced  a  number  of  new 
developments  and  several  publications  (2  papers  published.  2 
submitted  and  2  in  advanced  state  of  preparation  plus  2 
conference  papers  (SASP  and  ESCAMPIG)  a  total  of  8  papers). 

Vibrational  quenching  studies 

1.  HC1*  ( v=  1 )  and  DCl*  (v  =  l) 

The  vibrational  quenching  of  HC1*  (v=l)  and  001”  (v=l)  ions  in 

collisions  with  Ar  and  Kr  have  been  measured  in  order  to 
investigate  the  effect  of  changing  the  vibrational  and  rotational 
energy  levels  while  keeping  the  intermolecular  interaction 
potential  unchanged.  The  results  tend  to  disapprove  the  modified 
Landau-Teller  type  vibrational  quenching  mechanism.  Published: 
Chem.  Phys.  Letts.  144,  131-5,  1988. 

2.  In  the  course  of  the  above  investigation  measurements  of  the 
reaction  HC1*  *  SF».  and  HC1*  *  CF*  provided  improved  data  on  AE 

( SFa’/SFe.  )  and  AE  ( CF^/CF*  )  .  Published  Int.  J.Mase  Spec.  &  Ion 
Proc.  29. .  231-5.  1987. 

3.  HBr*  and  DBr*’ 


Efforts  to  extend  the  above  study  to  HBr*'  ( DBr” )  was  frustrated  by 
the  fact  that  the  ground  state  spin  orbit  splitting  is  comparable 
to  the  vibrational  spacing.  We  could  achieve  success  if  we 
develop  an  ion  source  which  produces  only  (■*  TT  \fx  )  ground 
state  ions.  The  opportunity  was  taken  to  do  the  HBr"*  ion 
chemistry  and  this  showed  the  existence  of  a  stable  FHBr  molecule 
with  D(HF-Br)  >0. 2eV.  (HBr'’  ion  chemistry  to  be  submitted 
Int.J.  Mass  Spec,  and  Ion  Proc). 
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it . Measurement  of  vibrational  lifetimes  (Einstein  A  coefficient) 

A  flow  tube  method  of  measuring  vibrational  lifetimes  has  been 
developed  at  Aberystwyth  and  applied  to  the  case  of  HCl'(v=l)  and 
DC1*  (v=l)  .  The  result  for  HC1*  is  in  excellent  agreement  with 
a  theoretical  value  while  the  experimental  DC1*  value  is  somewhat 
lower  than  theory.  < To  be  submitted  to  Int.  J.  Mass  Spec,  &  Ion 
Proc  ) . 


5.  Proton  Affinity  measurements 


In  a  collaboration  with  Professor  D. Smith  and  Dr.  N.Q.  Adams  at 
3irminsham  an  Improved  proton  affinity  scale  has  been  established 
in  the  130-140  kcalmol-1  range  {CK*  to  CO) .  Submitted  to  J.  Chem. 
Phys . 


6.  A  study  of  several  forward  and  backward  proton  transfer 
reactions  in  the  Aberysrtwyth  SIFDT  has  demonstrated 
that  this  method  is  capable  of  providing  good  data  on  enthalpy 
and  entropy  charges  in  such  reactions.  Since  the  enthalpy 
change  =  the  proton  affinity  difference,  a  proton  affinity  scale 
can  be  generated.  These  results  reverse  the  previously  held  view 
that  a  SIFDT  apparatus  would  be  unsuitable  for  studies  because  of 
the  lack  of  thermodynamic  equilibrium.  This  earlier  view  was 
based  on  a  reaction  involving  Nt OH*  but  the  conclusions  were  in 
error  because  of  the  existence  of  two  isomeric  forms  of  N;OH*  . 
This  new  development  is  important  because  the  SIFDT  method  can 
be  used  over  a  very  much  larger  energy  range  than  a  variable 
temperature  SIFT  apparatus.  In  consequence  this  implies  that 
much  larger  P.A,  differences  can  be  investigated.  Two 
publications:  Submitted  to  Int.J.  Mass.  Spec,  and  Ion  Proc.  and 

to  Chem.  Phys.  Letts. 


In  summary  a  very  productive  collaboration.  Clearly  not  all  this 
work  was  completed  in  the  9  months  support  period  provided  by  the 
USAF  award  but  it  provided  invaluable  support  at  a  critical 
period.  Thank  you  very  much.  This  will  be  acknowledged  in  the 
published  papers. 
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HCl* ( v=l )  AND  DC1*  ( v= 1 ) :  (i)  VIBRATIONAL  QUENCHING  3Y  Ar  AND  Kr 

(ii)  RADIATIVE  LIFETIMES 

G.  Javahery,  M.  Tiehy  and  N.D.  Twiddy 
Physics  Dept.  University  College  of  Wales,  Aberystwyth 

and 

E.E.  Ferguson,  Physico-Chimie  des  Rayonnements ,  Universite  de 
Paris-Sud,  Batiment  350,  Centre ' Orsay,  91405  Orsay,  France. 

Both  the  vibrational  quenching  of  HCl*(v=l)  and  DCl* (v=lj  and  the 
radiative  lifetimes  of  these  vibrationally  excited  ions  have  been 
been  measured  in  a  selected  ion  flew  tube  SIFT  using  a  monitor 
ion  technique1 • 2  .  The  monitor  gas  employed  in  both  studies  was 
N2  since  this  proton  transfers  with  HCl*  (v>0)  and  DCl* (v>0)  but 
is  endoergic  for  both  ions  in  the  ground  state3 .  Thus  the 
vibrationally  excited  species  population  is  monitored  by  the  N2H* 
(N2D*  )  signals.  For  the  quenching  studies4  the  N2  is  injected 
just  before  the  detection  mass  spectrometer  and  Kr  and  Ar  are 
introduced  upstream.  For  the  radiative  lifetimes  the  N2  is 
_•  injected  at  different  points  along  the  flow  tube  so  that  the 
.  spatial  decay  of  the  vibrationally  excited  species  is  monitored. 
The  results  of  these  studies  are  given  in  Tables  I  and  II 
respectively  together  with  the  data  of  other  workers. 

The  vibrational  quenching  of  HCl*(v=l)  and  DCl*(v=l)  ions  in 
collisions  with  Ar  and  Kr  atoms  at  300K  has  been  measured  in 
order  to  investigate  the  effect  of  changing  the  vibrational  and 
rotational  energy  levels  while  keeping  the  intermolecular 
interaction  potential  unchanged.  All  quenchings  are  found  to  be 
efficient,  P>20%,  and  the  lighter  isotODe  is  found  to  be  quenched 
slightly  faster  than  the  heavier  one.  This  is  consistent  with  a 
*  dominant  role  for  rotational  excitation  in  the  V-»T,R  process  such 
j  that  the  advantage  of  the  larger  rotational  constant  outweighs 
*1  the  disadvantage  of  the  larger  vibrational  frequency.  The  same 
l  situation  had  been  reported  for  self-quenching  of  neutral 
if  hydrogen  halides  and  for  vibrational  predissociation  of  hydrogen 
jii  halide  dimers  and  supported  theoretically  in  terms  of  rotational 
5  excitation  coupling.  The  present  results  weigh  strongly  against 
f  a  Landau-Teller  type  vibrational  quenching  mechanism  for  the 
3  molecular  ions,  modified  by  the  existence  of  the  attractive 
V‘  potential. 

V 


1 


TABLE  I:  'ION  VIBRATIONAL  QUENCHING  RATE  CONSTANT  (3QOK)« 


Ion 

Neutral 

IOTTlc- 

(cn3s-l) 

k,/ka 

Z 

Jjf.  car  1 ) 

B(  cm* 

HCl'  ( v— 1 )” 

He 

<573 

>I9co 

1553  ~ 

3775 

DC1* (v=l) 

He 

<0.2 

>2800 

1864 

5.12 

HCl* (v=l) 

Ar 

350 

2.0 

2569 

9.96 

DC1* (v=l) 

Ar 

186 

3.7 

1864 

5.12 

HCl* (v=l) 

Kr 

660 

1.1 

2569 

9.96 

DC1+ ( v=l ) 

Kr 

430 

1.7 

1864 

5.12 

TABLE  11:  VIBRATIONAL  LIFETIMES  (mS) 

Ton  ( cm-  1  )  Present  Other  worx 


HCl* ( v=l )  2569  4.5+0. 5  3.0+15  4.6» 

DC1+ ( v=l)  1669  8.0+1  1Q  +  25 


H.  Bonringer,  M.  Durip-Ferguscn ,  D.W.  Fahey,  F.C.  Fehsenfeld 
and  E.E.  Ferguson.  J.Chem.Phys. 79(1983)4201. 

J.  Glosik,  A.B.Rakshit,  N.D.Twiddy,  H.G. Adams  and 
D. Smith,  J.Phys.  Bll ( 1978 ) 3368 . 

M.Hamdam.  H.W.  Copp,  D.P.Wareing,  J.D.C. Jones, K.Birkinshaw 
and  N.D.Twiddy,  Chem.Phys .Letters  89(1982)63. 

M . Tichy , G . Javahery ,N.D. Twiddy ,  Chem . Phys . Let t . 

144, No. 2, 1988. 

G.Mauclaire.M.Herringer,  S.Fenistein,  J.Wronka  and  R.Marx, 
Int.d.Mass  Spect.Ion  Proc. 80 , ( 1987 ) 99 . 
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THE  THERMAL  ENERGY  REACTIONS  HQ  +  +  SFb  -  SFs+  +  HF  +  Cl 
AND  HCI  *  +  CF,  -  CFj"  +  HF  +  Cl 

M.  TICHY  G.  JAVAHERY.  N  D  TW1DDY 

Department  of  Physics,  University  College  of  H  ales,  Penylats,  Ahenwnc)  th, 

Dyfed  SY23  3BZ  (Cf.  Britain i 

E.E.  FERGUSON 

Physico-Chwue  des  Ravonnements.  L'nu  entic  de  Paris-Slid. Centre  d'Or\a\. 

91405  Orsay  (France I 

(First  received  25  April  198":  in  final  form  7  July  19S7) 


ABSTRACT 


Measurements  of  the  reactions 
HCI  *  -*-SF„  —  SFC  +  HF  -  Cl 
and 

Her  +cf4  -  cf;  -hf-ci 

have  shown  that  the  first  reaction  is  exothermic  and  the  second  nejrlv  tlieimoneutrai  In 
conjunction  wuh  measurements  carried  out  elsewhere,  this  establishes  that  AF  (SF.*  SF„>  ■= 
13.98  -0.03  eV  and  AE  tCF,'  CF4)  2^0.1  eV.  Both  of  these  values  are  far  lover  1  eVi 
below  current  literature  values  obtained  from  photon  jnd  electron  impact. 


INTRODUCTION 

In  an  extension  of  earlier  work  at  Aberystwyth  on  the  reactions  of  HCI " 
ions  [1],  a  program  is  in  progress  to  measure  the  vibrational  relaxation  of 
HCI  *  ( t:  =  1 )  and  DC!  *  (  r  =  1 )  using  the  same  apparatus  and  applying  the 
monitor  ion  technique  for  vibrational  state  detection  that  was  recently 
applied  to  0.‘  (v)  and  NO'  (v)  vibrational  quenching  [2.3],  The  number  of 
possible  vibrational  quenchers  of  HCI '  (v)  is  extremely  limited  because  of 
the  high  reactivity  of  HCI '  [1].  It  either  charge-transfers,  proton-transfers,  or 


•  Permanent  address.  Department  of  Electronics  and  Vacuum  Physics.  Faculty  of  Mathe¬ 
matics  and  Physics.  Charles  Umversitv.  Prague.  Czechoslovakia. 
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H  atom  abstracts  with  almost  every  molecule.  One  neutral,  which  should 
have  been  non-reactive  according  to  literature  values  of  ionization  energies 
and  proton  affinities,  is  SF6.  The  parent  ion  SF,,*  is  unstable  and  values  of 
the  appearance  energy  of  SFs*  from  SF„  range  from  15.3  to  15.7  eV  [4,5]. 
However,  we  found  that  HCH  reacts  rapidly  to  produce  SF,' .  implying  that 
these  high  values  of  AE  (SF5'/SF6)  are  in  error.  The  reaction  inferred  is 

HCr  +  SF6  SFj*  +  HF  +  Cl  (1) 

because  this  is  the  most  exothermic  possibility.  Similarly,  we  also  found  the 
reaction 

HCt  +CF4-CFj~  +  HF  +  C1  (71 

to  occur.  For  reaction  (1).  the  rate  constant.  1.25  ±0.25  x  10  “g  cm'  s'1,  is 
close  to  the  Lingevin  collision  rate  constant.  1.2xl0"‘)  cnr1  s'1.  and 
therefore  reaction  (1)  is  exothermic,  establishing  that  AE  (SFs'/SFb)  <  14,17 
eV.  Reaction  (2)  has  a  rate  constant  1  x  10'10cm3  s'1.  If  the  deviation  from 
the  Langes'in  value  in  this  case  is  entirely  due  to  endothermicity.  the  reaction 
could  be  endothermic  by  no  more  than  AT  ln(AL/A.)  =0.06  eV.  therefore 
AEtCFj'/CFi)  <  14.23  eV.  That  this  is  likely  to  be  a  correct  interpretation 
is  established  by  the  increase  of  A,  with  centre  of  mass  kinetic  energy,  to 
2.6  x  10 ',0  cm3  s'1  at  0.8  eV.  suggesting  that  reaction  (2)  is  very  close  to 
thermoneutral.  This  is  further  supported  by  the  pseudo-Arrhenius  plot  (A, 
vs.  £''  cm),  the  slope  of  which  yields  the  value  A£  =  0.04  ±  0.01  eV. 

Babcock  and  Streit  [6]  connected  the  energetics  of  the  SFb  and  CF4 
systems  by  finding  the  reaction 

CFj*  +  SF„  -  SF5*  +  CF4  +  0.17  eV  (3) 

to  be  0.17  eV  exothermic  from  equilibrium  constant  measuremen.s  Reaction 
(3)  is  equivalent  to  AE(CF,‘/CF4)  =  AE(SF,‘/SFb)  a-  0.17  eV  and.  by  com¬ 
bining  reactions  (2)  and  (3).  one  obtains  a  lower  upper  limit  for  AEiSF,'  /SF„ ) 
of  14.06  eV. 

Babcock  and  Streit  [6]  also  found 

SF,'  +  NHj  ->  NH2  +  SFb  (41 

to  be  fast  and  therefore  exothermic  so  that  IE(SF5)  >  IEiNH,).  Values  for 
lEiN'Hj)  are  10.154 -0.01  eV  and  10.162  ±  0.008  eV  [8], 

Babcock  and  Streit  actually  reported  IE(SK)  >  10.43  eV.  based  on  an 
observed  fast  reaction  with  H;S(IE=  10.43  eV)  which  they  assumed  to  be 
charge-transfer,  although  they  did  not  observe  a  primary  product.  They 
observed  H  ,S '  as  a  secondary  product  which  they  assumed  was  due  to  the 
known  fast  reaction 

H,S'+  H.S  -  H.S ‘  -  SH 
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This  higher  IE(SFs)  is  inconsistent  with  the  AE(SFs^/SF0)  and  £>(SF5-F) 
and  cannot  be  correct.  Richter  el  al.  [9]  have  re-investigated  this  reaction  in 
Innsbruck  and  determined  that  the  reaction  of  SF5*  with  H.S  is  not 
charge-transfer  but  rather  a  relatively  fast  three-body  association  which 
simulated  a  slow  binary'  reaction  in  the  experiments  of  Babcock  and  Streit. 

Combining  a  conservative  lower  limit  of  10.14  eV  for  IE(NHj).  and 
therefore  of  IE(SFs).  with  Kiang  and  Zare's  [10]  determination  of  Z)(SFs-F) 
=  3.95  ±  0.14  eV.  one  obtains  AEfSF^/SF,,)  =  D( SF5-F)  +  IEtSF5)  >  13.95 
eV  The  recent  critical  evaluation  of  Herron  [11]  gives  Z)(SF«-F)  =4.01  + 
0.13  eV,  which  would  give  an  even  larger  lower  limit  of  14.02  eV. 

In  support  of  the  lower  AEfSF5*/SF6),  Richter  et  al.  [9J  have  reported  the 
reaction 

Kr  *  (lp!/2 )  +  SF6  -  SF;  +  Kr  +  F(or  KrF)  ( 5 ) 

to  be  fast  and  exothermic  and  we  have  verified  that  result  in  this  laboratory  . 
This  establishes  that  A&SFs*/'SFft)  <  IEfKn  +  £>( KrF)  =  14.0  eV  +  Z)(KrF). 
The  dissociation  energy  of  KrF  is  very  small  (0.013  eV  [12])  and 
AElSFj'/SFj  <  14.02  eV.  Also.  Shul  et  al.  [13]  found  the  reaction 

Arf  +  SF„  -»  SF<*  +  2  Ar  *  F  (6) 

to  be  exothermic,  implying  AEfSF.* /SF„ )  <  14,4  eV. 

The  upper  and  lower  limits  on  AE(SFs'/SF„)  are  satisfied  bv 
AE(SF5*/SF6)  =  13.97  r  0.04  eV.  The  value  of  AE(SFs'/SF„)  is  thus  very 
tightly  constrained!  Equivalently.  IEfSFj  =  10.0  ±  0.15  eV  and  \H,( SF.") 
*  1 1.6  ±  0.7  kcal  mol'1,  utilizing  A//,( SF0)  =  -291.7  kcal  mol  '1  [11],  The 
above  constraints  show  that  the  upper  limii.-.,  indeed  cwu  the  centra!  values, 
of  D(SFj-F)  are  too  high  [10.1 1  ]  and  imply  that  OtSF.  -Fj  <  3  Q  eV 
Further,  we  find  that  the  reaction 

Kr*(:/,,/:)  +  CF4-CF,'+Kr  +  F  (7) 

does  not  occur  delectably.  In  view  of  the  similarity  of  CF4  and  SF„  ion 
chemistry,  this  almost  certainly  implies  that  AE(CF,'/CF4)  <  14.0  eV.  so 
that  reactions  (2)  and  (7)  bracket  AEtCF3*/CF4)  between  14.00  and  14. ca 
eV.  As  discussed  above,  the  energy  dependence  of  reaction  (2)  supports  a 
value  near  the  upper  limit,  perhaps  14.2  ±  0.1  eV.  All  literature  values  are 
substantially  higher,  being  typically  15.5  eV  [4.5[. 

This  in  turn  implies  a  lower  IE(CFj)  than  is  currently  accepted.  IElCF,) 
=  AE(CF,*/CF4)  -  £>(CF,-F)  <  8.64  eV.  where  Z)(CF,-F)  is  taken  as  5.6 
eV  [  14J.  Kime  et  al.  ( 1 5 J  have  recently  reviewed  the  thermochemistry  of 
carbon  tetrahalide  ions  They  give  lElCFj  =9.3  ±0.2  eV.  consistent  with 
earlier  values  which  they  tabulate  (except  for  one  anomalously  high  value  of 
10.8  eV). 
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Kjme  et  al.  [15]  also  review  the  literature  values  of  ZXCF,-F).  the  lowest 
value  in  the  literature  is  5.03  eV.  which  is  almost  surely  too  low.  Of  the  four 
other  values  listed,  two  are  equal  to  5.6  eV  and  two  exceed  this.  It  seems 
inescapable  that  the  present  values  of  IEfCFj)  are  substantially  too  large. 

It  is  apparent  that  the  photoelectron  appearance  energies  for  SFT  /SF„ 
and  CFf /CFj  measure  vertical  AEs.  which  are  substantially  higher  than  the 
adiabatic  AEs  measured  in  the  ion/molecule  reactions.  It  is  characteristic  of 
ion/molecule  reactions  to  yield  adiabatic  exothermicilies  by  virtue  of  the 
intimate  contact  of  sufficient  duration  to  allow  molecular  geometry  relaxa¬ 
tion  to  adiabatic  configurations.  Ion/molecule  reaction  studies  usually  yield 
reliable  adiabatic  energy  differences.  It  is.  of  course,  fortuitous,  although  not 
unique,  for  energies  to  be  so  tightly  constrained  by  bracketing  techniques  as 
they  are  for  SFs*  /SF„. 

Reactions  (1|  and  (2)  are  interesting  reactions  and  somewhat  unusual  m 
having  three  product  particles.  The  reactions  can  be  viewed  as  F  abstrac¬ 
tion  by  HCI "  to  produce  a  transient  C1HF  molecule  which  decays  be  the 
most  exothermic  path  to  produce  HF  and  Cl.  Since  a  simple  electron 
transfer  from  SF„  or  CF4  to  HCI '  is  endothermic  by  over  I  eV  the  HF  bond 
formation  energy  is  essential  to  drive  the  reaction  and  one  must  consider  a 
concerted  process  to  occur  in  a  transient  complex.  The  positive  H  of  HCI ' 
approaches  the  very  polarizable  SF„  ( n  =  4  48  A  )  and  abstracts  an  F 
falling  apart  into  HF  -r  Cl  -  SFC.  and  similarly  for  CF4 

The  abstraction  of  F‘  from  SF„  by  positive  ions,  producing  F  bond'. 
well  established  from  earlier  work  of  Fehsenfeld  [lb]  who  found  that  O'. 
N*.  O*.  and  C O'  all  abstract  F~  from  SF„  to  form  the  corresponding 
neutral  fluorides  and  SFC.  These  reactions  are  exothermic  and  isver  at  near 
the  Langevin  rate  constant,  as  in  the  case  of  reaction  (1).  Fehsenfeld  found 
that  Of  and  NO'  did  not  react  with  SFf  to  produce  FO.  and  FNO. 
respectively,  and  these  reactions  are  endothermic,  even  with  the  new  lower 
value  of  AE(SF.\/SF„). 

ACKNOWLEDGEMENT 

The  authors  appreciate  receiving  the  Innsbruck  results  from  Professor 
Lindinger  in  advance  of  publication. 

REFERENCES 

1  \1.  Hamdun.  N  W  Copp.  D  P.  Wjreing.  J  DC  Jones.  K  Birkin\h.?Ui  and  \  D  T^iddv 

Chem.  Phyc  Leu  .  ( I‘}8Z)  6.v 

2  H.  Bohringer.  M.  Durup- Ferguson.  D  W  Fahey  PC  Fehsenteid  and  LI;  Ferguson.  J. 

Chem.  Phy*;..  7Q  |  IQS.m  42()1 


235 

3  W.  Dobler.  V.  Fedcier.  F  Howorka.  W.  Lmdinger.  M  Du  rup- Ferguson  and  F  F 
Ferguson.  J.  Chem.  Phvs..  79  (19X3)  1543 

4  H.M.  Rosenstock,  K.  Draxl.  B.W.  Steiner  and  J.T.  Herron.  J  Plv.:..  Chem  Ref  Data.  * 
(1977)  Suppl.  1. 

5  R.D  Levin  and  S.G.  Lias.  NSRDS-NBS  71.  I  S.  Department  of  Commerce.  ll<82 

6  I..M.  Babcock  and  G.F.  Streit.  J.  Chem  Phss.,  74  09X1)  5700 

7  K.  Wjtanabi  and  J.R.  Mottl.  J.  Chem.  Phss..  26  (1957)  17T3. 

8  V  H.  Dibcler,  J.A.  Walker  and  H.M.  Rosenstock.  J.  Res  Nail  Bur  Stand.  Sect  A. 
(1966)  459. 

9  R  Richter.  P  Tom  and  W.  Lmdinger.  J.  Chem.  Phvs..  in  press 

it)  T  Kiang  and  R  N.  2a re.  J.  Am.  Chem  Sc-  .  102  *  4042. 

11  J  T  Herron.  J  Phvs.  Chem.  Ref  Data.  16  (198")  1 

12  A. A  Radzjg  and  B  M.  Smirnov.  Reference  Data  on  Atoms  Molecules  and  l-  m 
Springer-Verbs:.  Berlin.  198*.  p  4Ti9 

1 '  R  J  Shul.  B  L.  L'pschulie.  R  Passareila.  R  CJ  kcesee  and  -\  W  ('jMJeni.sn  Ir.  '  PV 
Chem  .  91  (19S7)  255fv 

14  S  W  Benson.  Thcrmochemical  Kinetics.  Wiles.  Ness  York.  2nd.  edn  .  l-l"r- 
D  Y  J  Kime.  Dl  Driscoll  and  P  V  Dose  ben.  J  Chem  S-h.  Faradas  Tran'  2.  S' 

4t>  v 

In  1-  C  Fehsenfeid.  J  Chem  Ph'.s  .  ■=•4  .  W*l  ,  a  -*. 


Volume  (44.  number  l 


CHEMICAL  PHYSICS  LETTERS 


1 EVhruar.  l^SS 


VIBRAIIONAI  QltNCHING  OK  KH  l'(i-l)  AND  LKTW  =  1)  BY  Ar  AND  Kr 
M  T1CHV  G.  J  AVAHERY.  N  D  TWIDDY 

Di"annn'n:  i'l  l'h\ >i.  t  n:\Trsm-  ColU'w'  ul  II  jltX  />rm.,u:  v.  /A  '<  J  s}  _\i  .’///  IK 

and 

E.E  FERGLSON 

!'i-\ ■:>■'(  l  >!;■■■'■.: ,  >.<■/  jyy  ■  \  ;  Ci>  'i.v-.j;  ' . 

Revived  i  *  Sbuthiv'  !  ‘An ' 


l  •.  ihr:jSu>njl  hire  oi  tK  =  i  :  and  IX  1 " « :  —  !  »  son-,  in  (.OiSissoiw  wish  and  K:  Jlomv  as  '"*•  K  ...i>  *i:;vn  -Tcasa:  \: 

'rch'r  :«>  .pACMisat.*  she  :  ■  )5\hjnginK  she  'ibraiional  and  riAtaiion.il  oner^  lc*. cl-,  while  '.ocpm*;  she  :r:cr*r'>:i’<.';;iar  .nser 
jesson  potential  uncharged  All  aucnihcuv  ate  Sound  so  be  elYivicnt.  P>  Zi/’o.  and  she  lighter  isotope  ;n  s'oursd  to  he  doenehi. 
si i « h t ! %  taster  than  she  heavier  one  This  ;s  eonsisient  with  a  dotr.injnt  roie  for  ro'auonai  owstatum  n  she  v  -T.  R  pro*, ess  sjen 
that  ’he  ad-artage  »'f  she  ateer  rotational  e-'nsun:  outwetchs  the  divide  jntaiie  of  she  larger  -.iW jtif-ai  'redueni-.  The  .arr-.e 
s!t...is:.ir.  '  evrs  -er-^ted  vr  -el!-,|i:env horse  -  I  'seu,r  '1  l’\.trogen  haodesand  tor  ihr.umnai  prcdwMK  1  j«.:on  if  h*.  Jrog-T!  n.ii;e.e 

dossers  and  •'Upp”r,fd  quv.rvuc.iib  :n  sertrs  ■»:*  :t*!jtsonai  escstation  eoupsirg  i  he  present  results  we-f.h  simngiv  jgaissst  j 
Landau  -  tY;!i-t-»\pv  •.  :h*.!*i.mai  .p;  -n^hing  :r.e-.  hjn.sm  tor  she  rroiee  jar  oiro  m«H!:r’;ed  b»  she  existsrtee  ot  she  an;  act  r.  e  p»  :er*.t  ... 


1.  Introduction 

Recently  the  fust  xv  sterna  tic  studies  of  diatomic 
puMtss  c  ion  vibrational  quenching  ha\c  been  carried 
out.  including  some  information  on  relame  kinetic 
energy  dependence  and  some  limited  information  on 
the  vibrational  stale  dependence  [  I-p]  Such  mea¬ 
surements  hj\e  become  possible  through  the  use  of 
selected  son  flow  drift  tuc  >  for  the-  production  of  vi- 
brationally  excited  ions,  their  quenching  and  their 
detection  f by  mass),  m  conjunction  with  the  mon¬ 
itor  ion  technique  (addition  of  a  monitor  gas  whose 
reaction  with  the  ion  depends  on  the  ion  vibrational 
state).  The  general  pattern  that  occurs  is  that 
quenching  is  usually  rapid.  Probabilities  exceed  iG 
for  almost  all  neutral  quenchers  except  the  rare  gases 
and  molecular  hydrogen.  It  is  also  found  that  ion  w- 

Porvnancnt  address  Department  »f  E Jet tr. mix'  and  vacuum 
Phv  sics  Faiulq  oi  Mai  hemal  ;v  s  and  lH'\\icv  <  Juries  l  'niser- 
m*  -  Prague  8.  ( T*eehoslo\akia 


bralional  quenchmg  rate  constants  generally  de¬ 
crease  with  relative  kinetic  energy 

The  large  quenching  rate  constants  and  their  neg¬ 
ative  temperature  dependences  are  a  clear  indication 
of  the  dominant  influence  of  the  long-range  attrac¬ 
tive  forces  in  the  quenching  process.  Most  neutrai 
diatomic  molecular  vibrational  quenching  (  N:.  CO.. 
O',  etc.)  is  characterised  by  low  efficiency  and  in¬ 
creasing  rate  constant  with  relative  kinetic  energy. 
This  quenching  occurs  as  a  result  of  the  short-range 
repulsive  forces.  The  “impulsive-'  energy  transfer  ef¬ 
ficiency  increases  with  collision  energy  and  with  the 
steepness  of  the  interaction  potential.  The  process  is 
well  understood  in  terms  of  non-adiabatic  energy 
transfer  theory  and  was  treated  by  Landau  and  Teller 
(I'l  and  is  often  referred  to  as  Landau-Teller 
quenching. 

Recently  Tanner  and  Maricq  [ S  j  have  proposed 
that  efficient  molecular  ion  quenching  might  be  ex¬ 
plained  by  a  modified  Landau -Teller  mechanism. 
The  modification  resulting  from  an  attractive  well  is 
twofold,  an  increase  in  the  relative  collision  energy 


0  00d-2h  1 4. 88  S  03.50  C  Elsevier  Science  Publishers  B.V 
(  North-Holland  Physics  Publishing  Division) 


131 


Volu  tie  1**4.  number  2 


CHEMICAL  PHYSICS  LETTERS 


19  February  IVS8 


and  an  increase  in  the  steepness  of  the  repulsive 
interaction. 

In  cases  where  strong  attractive  forces  operate  in 
neutral  quenching,  a  less  common  situation  than  for 
ions  which  have  strong  electrostatic  attractions,  vi¬ 
brational  quenching  is  also  efficient  and  has  a  neg¬ 
ative  temperature  dependence.  No  general  theoretical 
framework  is  available  for  the  case  of  quenching 
controlled  by  the  long-range  potential. 

Tne  purpose  of  the  present  investigation  was  to 
isolate  the  role  of  vibrational  and  •■otauonal  energy 
le  els  while  keeping  the  interaction  potential  con¬ 
stant  by  the  use  of  isomers.  The  only  substantial  en¬ 
ergy  level  change  that  can  be  readily  realised  for 
diatomic  ions  involves  hydride  ions  and  their  cor¬ 
responding  deuterides.  In  the  present  case  we  have 
studied  HC1  *  and  DCl".  for  which  the  rotational 
constants  change  by  ^2  and  the  vibrational  energy 
levels  by 

One  practical  problem  with  HCI*  is  its  extreme 
reactivity  -  it  reacts  with  almost  even  molecule  that 
is  tractable  for  study.  Man>  such  reactions  were 
studied  earlier  in  this  laboratory  [9],  The  only  suit¬ 
able  quenchers  that  we  have  found  are  the  Ar  and  Kr 
reported  here.  According  to  energies  reported  in  the 
literature  should  not  have  reacted  but  wc  found 
ihat  it  did.  The  value  of  AE(SF  *  /SFj  in  the  liter¬ 
ature.  15.5  eV.  is  grossly  in  error  and  a  value 
1 3.98  z  0.03  eV  has  been  determined  {10].  CF.,  also 
reacted  with  HO*  (both  SF*  and  CO  give  HF *01 
neutral  products,  and  SF-T  and  CFf  ion  products) 
and  the  literature  value  of  the  ionisation  energy  is 
again  grossly  in  error,  or  rather  refers  to  a  vertical 
rather  than  adiabatic  energy.  In  the  present  stud>  one 
has  to  work  with  very  low  fractions  of  vibrationail) 
excited  ions  (l-2°o).  Also  the  spin-orbit  splitting 
produces  two  vibrationless  states  separated  by  80 
meV.  :n  lying  below  :n,  and  these  are  about 
equally  populated  in  ionization  [11].  This  produces 
an  interference,  as  described  below.  One  neutral 
which  does  not  react  exothermically  with 
HC1*U  =0)  is  N:.  whereas  HCl"(r=  l )  +  N: 
N:H  *  +  CI  is  exo-thermic  and  fast  [ 9  ] .  so  that  this 
proton-iransfcr  reaction  provides  our  monitor  of  the 
HCI*(r>0)  popii'ation.  N»  is  added  into  the  buff¬ 
ered  HO*  plus  quencher  How  just  in  front  of  the 
sampling  quadrupole  mass  spectrometer  and  the  re¬ 
sulting  N:H"  ion  signal  is  proportional  to  the  vi¬ 


brational!)*  excited  HCI  *  population.  Hence  the 
decrease  in  N:H*  due  to  quencher  (Ar  or  Kr)  ad¬ 
dition  directly  measures  the  quenching  rate  constant 
in  the  conventional  way  [  1-3] .  Only  relative  ion  sig¬ 
nal  measurements  arc  required. 

Unfortunately  the  HCl  +  (:nr,:.  r=0)  reacts  slowK 
with  N:  io  produce  N:H  * ,  in  spite  of  its  endotherm- 
icity.  due  to  the  high-energy  tail  of  the  300  K  thermal 
ion  and  neutral  energy  distributions.  This  N;H  *  sig¬ 
nal  varies  much  more  slowly  with  Ar  or  Kr  so  that 
it  simply  provides  a  N.-H*  background  signal  to  be 
subtracted,  thereby  lowering  the  dynamic  range  of 
the  measurements  and  consequent!)  their  precision 
The  DCl  *  ( *Tl ;  : )  background  contribution  to  VD  * 
background  is  less  than  in  the  case  of  HO  *  ( 'n ,  _  >. 
about  one-half,  consistent  with  the  greater  endo- 
thermicitv  of  the  proton  transfer  to  N:  because  of  the 
lower  DO*  zcro-pomi  energv. 


2.  Experimental 

The  apparatus  used  is  essential!)  that  described 
previously  [9]  and  the  monitor  ton  technique  is  the 
same  as  used  here  earlier  for  electronically  excited 
stale  ion  reaction  studies  [12.13]  and  elsewhere  for 
vibrational  relaxation  studies  [1-3].  The  quenching 
gases  Ar  and  Kr  were  BOC  research  grade  and  the  N : 
was  BOC  CP  grade.  Since  the  measured  quenching 
rate  constants  are  so  large,  trace  impurities  could  ;.la) 
no  role  in  the  stud).  The  vibratiooaily  excited  ions 
were  obtained  using  a  dischaige  source  containing 
HU  ( DO)  or  HCI  (DCl)-He  mixtures 


3.  Results  and  discussion 

Table  I  gives  the  present  results  and  some  results 
for  Ar  and  Kr  quenching  previously  reported  for 
comparison. 

The  HCI*  (r=l)  ion  represents  the  highest  fre¬ 
quency  ion  vibration  for  which  eollisiona!  relaxation 
rates  have  been  measured.  22 5  cm'1  greater  than 
NO*(r=l).  The  first  striking  point  about  the  re¬ 
sults  is  the  large  efficiency  of  the  quenching  (or  thv 
small  number  of  collisions.  Z.  required  for  quench¬ 
ing  on  the  average).  In  the  case  of  Kr.  the  quenching 
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Table  1 

Ion  vibrational  quenching  rate  constants  ( 300  k ) 

l9Februar>  1988 

Ion 

Neutral 

10’  'C,  (cm's  T 

k  L  <  k.t 

7 

it  i  cm  ' ) 

Diiin 

I  Ret* 

HCI '  ( i  =  1 ) 

He 

<0.3 

>  1900 

25*9 

9  Mb 

DCI  Tt  =  1 ) 

He 

<0  2 

>  2800 

18*4 

5  12 

HCl*(«  =  n 

Ar 

350 

2  0 

25*9 

9  9ft 

DC!  *(1  =  1 ) 

Ar 

18b 

3  .** 

18*4 

5.12 

Her  u  =  n 

Kr 

660 

11 

25*9 

9  9* 

DCl*(i  =  l) 

Kr 

430 

t  ? 

1804 

5  12 

0*11  =  1) 

He 

<0  002 

>3X1  O' 

IS'2 

I. *9 

; 1 ! 

O.-  (1  =  1) 

Ar 

10 

710 

18 '2 

1.09 

Mi 

O*  (1  =2) 

Ar 

2  5 

280 

1840 

1  *9 

:  i ; 

o  •  ( i  =  1  i 

Kr 

1 1 

*9 

1872 

1  no 

( i ; 

O*  l :  =s  2 » 

Kr 

r 

45 

IK41J 

l  *9 

Ml 

NOT;  >0» 

He 

<0.1 

>  5hn() 

2344 

2  On 

i  '1 

NO'  |i  >0) 

\i 

<  i 

>  ■’ll) 

2344 

2  Oo 

!M 

NO*  li  >>  ! 

Kr 

coos 

>  oooo 

2 '44 

2.00 

(U| 

of  HCI '  ( i  =  l )  is  ^  60  times  more  efficient  than  the 
quenching  of  O'  (r=  I )  and  over  8000  time*  m*re 
efficient  than  NO*(t  >0)  quenching. 

A  second  point  to  be  noted  is  the  similarity  be¬ 
tween  the  Ar  and  Kr  quenching  rales,  they  differ  by 
only  ?:  2  with  Kr  being  more  efficient. 

By  contrast  Kr  quenches  0:'  U  =  l)  an  order  of 
magnitude  more  efficiently  than  does  Ar  and  the  ra¬ 
tio  is  almost  as  large  (6.8)  for  CK  (i  =2).  This  has 
been  attributed  to  the  deeper  attractive  well  for  ions 
with  Kr  due  to  the  larger  Kr  polarisabtliiy  (2.48  V 
compared  to  1.64  .V  for  Ar)  as  well  as  the  lower  ion¬ 
isation  energy  of  Kr  ( 1 4.0  eV  j  compared  to  Ar  ( I  5. 1 
eV).  It  has  recently  been  shown  that  the  charge- 
transfer  contribution  to  the  attractive  potential  is 
significant  being  as  much  as  40°'o  .  /  ihe  attractive 
potential  fo r  O and  Kr.  3b°o  for  NO'  and  Kr.  38(’o 
for  O:  and  Ar  and  37°o  for  NO'  and  Ar  [13]. 

Similar  arguments  would  apply  to  the  HCI*  and 
DCI '  ions.  i.e.  the  electrostatic  and  charge-transfer 
interactions  would  both  be  greater  for  Kr  than  for  Ar 
and.  in  addition,  the  proton  affinities  of  Kr  (101.6 
kcal  mol  ! )  and  Cl  ( 1 23.0  kcal  mol  1 )  are  closer  to¬ 
gether  than  are  Kr  and  Ar  ( 88.0  kcal  mol  1 )  so  that 
any  tendency  for  stability  by  non-resonant  proton 
transfer  would  favour  the  Kr  over  the  Ar.  The 
HCl'(t  =  l)  quenching  by  Kr  occurs  on  virtually 
every  collision,  so  one  cannot  safely  deduce  dynam¬ 
ical  properties  of  the  collision  from  this.  A  simple 
statistical,  phase  space  argument  m  a  relatively  long- 


lived  complex  is  a  satisfactory  interpretation  of  this 
result. 

The  third  point  to  be  noted  is  the  slight  preference 
for  HC!'(r=l)  quenching  over  DCl'(r=M 
quenching  for  both  Ar  and  Kr.  This  has  immediate 
significance  in  that  it  clearly  weighs  against  a 
Landau-Teller-tvpe  process  in  which  the  adiabatic 
V  — T  energy  transfer  is  driven  by  the  impulsive  col¬ 
lision  with  the  repulsive  wall.  The  critical  ’adi¬ 
abatic”  parameter  [  1 5]  ^sjr-'ris  simply  the  collision 
lifetime,  a/r  ( where  j  is  a  characteristic  distance,  the 
repulsive  force  range  parameter,  and  i  is  the  relative 
velocity),  divided  by  the  vibrational  period  T—i 
and  the  probability  of  quenching  is  [15-1“'] 
P'-cxpl  -4)-  Reducing  r  then  drastically  (exponen¬ 
tially  )  increases  P  in  this  Landau-Teller-tvpe  relax¬ 
ation.  This  Landau-Teller  failure  is  consistent  with 
the  previous  finding  from  relative  0:(  i )  and  NO  *  ( i ) 
quenching  rate  constants  with  common  neutral 
quenchers  that  no  energy  gap  (or  momentum  gap) 
principle  appears  to  be  operative  in  ion  quenching 
[18], 

We  believe  that  both  the  efficiencies  and  the  iso¬ 
tope  effects  in  the  HCI  *  'DCI  *  quenching  arc  a  con¬ 
sequence  of  the  importance  of  rotational  product 
excitation  in  the  V  -T.  R  process  and  the  distin¬ 
guishing  significant  characteristic  of  the  hydride  ions 
is  their  large  rotational  constant  and  the  marked  an¬ 
isotropy  of  the  potential  due  to  the  large  dipole  mo¬ 
ments  of  the  halide  ions.  The  rotational  excitation 
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can  be  either  in  the  ion  as  here  or  in  the  neutral  <  or 
both )  for  the  case  of  molecular  neutrals.  The  more 
efficient  quenching  of  Of  <  n  by  H:  than  by  D:  (  ^4) 
has  been  attributed  to  the  larger  H  ■  rotational  con¬ 
stant  ( 18  J. 

The  same  situation  occurs  for  neutral  hydrogen 
chloride  vibrational  self-quenching.  In  this  case  the 
substantial  attractive  potential  is  a  consequence  of 
hydrogen  bonding.  The  HCH  :  =  1 1  quenching  by  HO 
is  about  twice  as  fast  as  DCK  i  =  l )  quenching  by  DC  ! 

|  lo].  This  has  been  explained  b>  Shin  [20]  as  a  ro¬ 
tational  effect. 

Similarly.  the  vibrational  predissociation  ot  «  HF* 
dimer  :s  faster  ihan  <  DFj  dimer  {  21  ].  and  this  has 
also  been  explained  as  a  rotational  effect  by  means 
of  close  coupling  calculations  (22}. 

Tiiere  appears  to  be  little,  if  any.  inherent  differ¬ 
ence  in  ion  jnd  neutral  vibrational  relaxation  when 
these  have  comparable  interaction  potentials.  Of 
course,  relative!'-  large  attractions  are  the  general  rule 
for  ions  due  to  the  electrostatic  attraction  but  are 
more  the  exception  for  (small)  neutrals. 

The  significant  role  of  rotational  excitation  is  in¬ 
timately  related  to  the  importance  ot‘ anisotropy  ot 
the  interaction  potential.  This  has  been  shown  al¬ 
ready  bv  Osborn  and  Smith  (23  j  from  trajectory  cal¬ 
culations  for  model  neutral  quenching  situations  with 
significant  attractive  forces.  It  has  also  been  shown 
:o  be  important  b>  Tosi  et  at.  [24j  m  traieciorv  cal¬ 
culations  for  the  quenching  of  O'  (rl  by  kr.  the  only 
ion  quenching  case  so  far  that  has  been  measured  as 
a  function  of  relative  energy  through  the  region  of  a 
minimum  >n  rate  constam.  The  minimum  occurring 
broadly  in  the  energy  region  of  the  potential  well 
depth  (  sO.33  eVl  demonstrates  the  predominance 
of  the  attractive  forces  at  energies  much  below  the 
well  depth  and  the  repulsive  forces  at  energies  large 
compared  to  the  well  depth  ( l  ]. 

The  importance  of  anisotropy  is  also  an  inference 
from  the  analy  sis  of  Gislason  and  Ferguson  [25j  re¬ 
lating  vihrauonal  quenching  to  interaction  poten¬ 
tials  for  the  available  O-  i  .-)  and  NO  *  t :  i  quenching 
data.  It  is  suggested  there  that  the  key  element  of ’.he 
anisotropy  in  the  case  of  aon-polar  neutral  quench¬ 
ers  may  be  due  to  the  short-range  charge-transfer :  or 
wavelunction  overlap)  interaction  in  some  cases 
rather  than  to  the  anisotropy  of  the  long-range  po¬ 
tential.  This  proposition  is  supported  qualitatively 


by  the  correlation  between  quenching  rate  constants 
and  the  calculated  charge -transfer  interaction  for  the 
Of  O  )  and  NO  'in  quenching  data  that  are  avail¬ 
able  ( 2  5  i . 

The  fact  that  no  sign ifi can.  decrease  in  the  back¬ 
ground  N  H  *  signal,  arising  from  HO. '  <  TI  •  i  re¬ 
action  with  N  .  with  \r  and  Kr  addition  implies  at 
most  a  very  slow  HCi't  TI  i  •HO'l  Tl  .  • ) 
quenching  bv  U  <<r  k:  that  Jo  cm  s 
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The  forward  and  reverse  rate  constants  for  nine  proton  transfer 
reactions  have  been  measured  a3  a  function  of  relative  kinetic 
energy  using  a  selected  ion  flow  drift  tube  (SIFDT) .  In  all 
but  two  cases  van ’ t  Hoff  plots  of  the  equilibrium  constant 
against  reciprocal  centre  of  mass  collision  energy  were 
linear  and  values  of  the  enthalpy  and  entropy  changes  were 
obtained  from  slope  and  intercept  respectively.  Since  is  a 

measure  of  the  difference  between  the  proton  affinities  of  the 
two  neutral  species,  the  data  can  be  used  to  provide  a  proton 
affinity  difference  ladder.  This  ladder  agrees  extremely  well 
with  the  established  proton  affinity  scale.  The  experimental 
values  of  entropy  change  agree  well  with  values  calculated  from 
the  entropies  of  the  individual  ions  and  neutrals.  The  agreements 
of  the  Ah'  s  andAs's  so  determined  establishes  the  validity,  and 
utility,  of  a  SIFDT  apparatus  for  proton  affinity  3tudie3. 
reversing  the  previously  held  view  which  was  based  on  FDT 
measurements  involving  NsOH*.  In  the  present  study  two  N20H* 
measurements  gave  non-linear  Arrhenius  and  van't  Hoff  plots, 
and  had  to  be  rejected,  in  agreeement  with  the  earlier  work.  Some 
speculations  of  why  drift  tube  measurements  lead  to  reliable 
thermodynamic  data,  in  spite  of  the  lack  of  thermodynamic 
equilibrium  between  Internal  and  translational  modes,  are 
presented . 
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Introduction 

Experimental  determinations  o f  the  forward  and  backward  rate 
constants  for  proton  transfer  reactions  of  the  general  type 


XH*  +  Y  5=*=  YH*  +  H  (1) 

have  been  widely  used,1-2-3  to  obtain  data  on  proton  affinities. 
If  the  equilibrium  constant  K  =  kc/kr  is  measured  as  a  function 
of  temperature  then  from  a  van ' t  Hoff  plot  of  log  K  versus  1/ i 
the  enthalpy  and  entropy  changes,  and  ,  can  be 

determined  from  the  slope  and  the  intercept  on  the  ordinate 
respectively.  The  value  of  AH  is  equal  to  the  difference  of 
the  proton  affinities  of  X  and  Y  and  S  is  related  to  the  ion 
structures.  Often,  K  is  measured  only  at  3G0K  and  5  is 

determined  from  known  or  theoretical  entropies. 

Recently  in  connection  with  unrelated  studies,  we  made  the  chance 
observation  that  the  reactions  of  HBr*  with  both  C03  and  CH»  are 
endoergic*.  Both  reactions  are  proton  transfer  reactions  so  that 
it  was  immediately  evident  th3t  the  proton  affinities  of  and 

CH„  are  less  than  the  proton  affinity  of  Br.  This  indicated  that 
the  NBS  tabulated  value3  for  PA(CH«)  was  slightly  too  high  (in 
agreement  with  a  recent  high  level  theoretical  calculation®)  and 
particularly  that  a  recently  proposed  increase7  in  proton 
affinities  in  the  130  -  140  kcalmol"1  range  is  clearly 


incorrect . 
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The  problem  in  establishing  an  absolute  proton  affinity  scale 
lies  in  determining  one  or  more  fixed  points  to  anchor  the 
relative  scales  that  have  been  deduced  by  van't  Hoff  plots  as 
described  above.  Since  the  proton  affinity  of  Br  is  known  with 
spectroscopic  precision®  from  the  dissociation  energy  of  HBr~ , 
this  suggested  the  possibility  of  obtaining  an  improved  PA  scale 
anchored  to  PA(Br). 

In  order  to  establish  PA's  relative  to  Br.  and  to  each  other, 
proton  transfer  reaction  rate  constants  were  measured  in  a 
temperature  variable  SIFT  at  Birmingham*.  Values  for  p  V  °  of  r.r., 

Br2 ,  HBr .  N20,  HC1 ,  CH*  and  COa  were  determined  relative  to  Br, 
with  what  is  believed  to  be  an  improved  accuracy,  conservatively 
estimated  to  be  better  than  ♦.  1  kcal  mol-1-.  For  six  common 
species  the  new  scale  has  average  deviations  from  the  NBS  scale  of 
1.7  kcal  mol-1  ,  with  a  maximum  deviation  of  2.8  kcal  mol-1  (for 
HBr) .  in  most  cases  the  new  values  of  PA  are  slightly  smaller 
than  the  NBS  values,  but  not  in  every  case. 

In  the  course  of  these  studies  we  have  learned,  to  our  surprise, 
that  reliable  PA  differences  C3n  be  obtained  from  "van’t  Hoff  “ 
p 1 ot 3  of  rate  constant  vs  reciprocal  average  centre  of  mass 
kinetic  energies  i.e.  from  SIFDT  measurements.  This  has 
Important  practical  implications  because  the  wide  KE  range 
( /vj  lev)  far  exceeds  the  maximum  temperature  variation  possible 
(  <  900°K  0. leV) ,  allowing  much  larger  P.A.  differences  to  be 

spanned  for  a  single  reaction.  Also  elevated  temperature  flow  tubes 
are  notoriously  difficult  to  operate  and  maintain. 

The  applicability  of  SIFHT'S  to  thermochemical  problems  is  quite 
surprising  since  the  Internal  degrees  of  freedom  are  not 
equilibrated  with  the  translation  kinetic  energy.  The  neutral 
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reactants  maintain  300K  rotational  and  vibrational  temperatures, 
the  ions  attain  rotational  equilibrium  with  the  relative  KE  in  a 
few  collisions10,  but  the  ion  vibrations  do  not11,  at  least  for 
low  KE's  and  the  relatively  small  number  of  collisions  of  the 
ions  with  the  buffer  in  typical  SIFDT  experiments. 

We  were  reinforced  in  this  expectation,  or  perhaps  more  properly, 
led  to  this  expectation  by  experience  with  the  forward  and 
reverse  proton  transfers  between  N30  and  CO.  for  which  linear 
vcr.'t  ":ff  plots  vs  T_1  are  obtained3,  yielding  reliable  proton 
affinity  differences  and  entropy  changes  in  reaction,  whereas 
KE-1  van't  Hoff  plots  were  markedly  non  linear  .  The  Arrhenius 
plots  for  both  forward  and  reverse  reactions  i.e. 
k  exp ( -  A  E/RT )  w«te  also  linear  in  this  case,  whereas  the 
"Arrhenius"  plot  for  NaOH*t  reaction  with  CO  as  a  function  of  KE-1 
was  non-linear.  We  still  find  non-linear  Arrhenius  plots  for 
N2OH*  reacting  with  CO  and  also  with  HBr  but  we  find  linear  plots 
for  14  other  reactions  and  it  appears  that  the  non-linearity  is, 
at  least  to  some  extent,  a  problem  peculiar  to  N3OH*,  perhaps 
related  to  the  existence  of  two  isomeric  forms  lying  very  close 
in  energy. 

The  present  paper  shows  that  reliable  PA  differences  and  entropy 
changes  are  obtained  from  KE-1  plots  by  comparison  of  these 
measurements  with  available  data  on  well  understood  reactions. 

In  the  case  of  N2OH*,  and  presumably  for  other  ions  as  yet 
unmeasured,  for  which  the  non-thermodynaraic  equilibrium  is 
important,  linear  plots  are  not  obtained  and  one  would  not 
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attempt  to  deduce  and  foS.  It  seem3  unlikely  therefore 

that  one  would  be  lead  to  errors  when  the  SIFDT  technique  does 
fail,  as  in  the  case  of  NaOH*. 

The  Lindinger  et  al2  paper  was  a  detailed  study  of  flow-drift 
tubes  using  various  carrier  gases  (He,  Na,  Ar)  and  showed  that 
the  proton  transfer  reactions  of  h'aOH*  were  very  dependent  upon 
the  vibrational  excitation  of  the  ions  and  that  a  helium  buffer 
was  less  effective  in  producing  vibrational  excitation  than  a 
heavier  buffer.  This  is  now  well  understood  from  the  vibrational 
quenching  study  of  vibrationally  excited  ions  that  have  been 
subsequently  obtained11. 

Experimental 

The  measurements  were  made  in  the  Aberystwyth  3elected-ion  flow- 
drift  tube  apparatus  which  has  been  described  previously12.  The 
ions  studied  NaOH* ,  HaBr*.  HCO*.  HaCl*,  CF.H*,  NOH*.  CO-H*  and 
CH3*  were  generated  in  a  high  pressure  ion  source  using  HC1,  HBi , 
COj ,  CH*,  or  CO  mixed  with  Ha. 

The  neutral  reactant  was  added  further  downstream  and  the  centre 
of  mass  collision  energy  E0m  was  varied  by  varying  the  axial 
drift  tube  electric  field.  In  such  an  apparatus  the  forward 
reaction  rate  constant  can  be  determined  as  a  function  of  E0m- 
The  corresponding  data  for  the  reverse  reaction  is  obtained 
straightforwardly  in  a  second  experiment  injecting  the 
appropriate  ion  and  neutral  species. 


Results  and  Discussion 


The  nine  reactions  studied  were:- 


NaOH* 

+  CO 

5== 

HCO*  +  NaO 

(2) 

NaOH* 

♦  HBr 

HaBr*  ♦  NaO 

(3) 

HaBr* 

+  CO 

HCO*  ♦  HBr 

(4) 

CHs* 

+  HBr 

H2Br*  +  CH* 

(5) 

CF*H* 

+  HC1 

HaCl*  +  CF* 

(6) 

CF*H* 

♦  CH« 

CH,*  ♦  CF. 

(7) 

CF*H* 

+  COa 

NOH*  +  CF* 

(8) 

CF*H* 

+  COa 

COaH*  ♦  CF* 

(9) 

HaCl* 

♦  HBr 

*• 

HaBr*  ♦  HC1 

(lO) 

The  van't  Hoff  plots  for  these  nine  reactions  are  shown  in 

figures  1  and  2  together  with  the  data  of  Lindinger  et  ala  for 

reaction(2).  It  is  evident  that  there  is  excellent  agreement 

between  Lindinger  at  al  and  the  present  measurements  so  that  the 

non-linearity  of  the  van't  Hoff  plot  for  (2)  is  not  in  question. 

For  reaction(3)  the  non-linearity  is  even  more  pronounced  and  it 

would  again  be  quite  impossible  to  determine  either  & H  or  &S  . 

>  t. 

Both  the  above  reactions  involve  the  ion  N-OH*.-^ 

For  the  remaining  seven  reactions  (4)  to  (10),  in  which  N2OH*  is 
not  involved,  the  pattern  i3  entirely  different.  These  give 
linear  van’t  Hoff  plots  yielding  values  of  ^H  and  listed 

in  Table  1.  Such  plots  can  be  represented  by  the  expression 

InK  =  As/R  -  Ah/RT  =  As/R  -  3&H/2E„«  where 
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This  will  only  yield  linear  plots  if  AH  and  As  do  not 
change  significantly  over  the  energy  range  of  the  investigation. 

Presumably  a  significant  variation  of  Ah  and  with  E„„, 

would  result  in  a  non-linear  van ' t  Hoff  plot.  If  significant 
vibrational  excitation  of  the  ions  by  the  strong  applied  field 
occurred  this  would  change  the  value  of  AH  33  the 
Eon  i s  varied,  producing  non-linearity.  Therefore  it  can 
be  concluded  that  in  the  case  of  the  7  good  van ' t  Hoff  plots 
these  effects  are  insignificant.  Thi3  implies  that  the  value  of 
As  obtained  from  the  intercept  should  be  in  good  agreement  with 
that  calculated  from  the  entropies  of  the  ions  and  molecules 
involved  in  these  reactions  and  this  should  be  a  sensitive  test 
of  the  above  conclusions.  The  data  so  obtained  is  given  in  Table  1. 

The  good  agreement  between  the^H'3  obtained  and  the  established 
values  and  the  good  agreement  between  calculated  ^ 5 ' s  and  the 
values  obtained  from  the  intercepts  establishes  the  validity  of 
the  SIFDT  apparatus  for  such  measurements. 

The  average  deviation  in  A H  between  the  present  measurements  and 
the  proton  affinities  of  ref. 9  is  0.36  kcalmol-1.  well  within  the 
uncertainty  of  any  present  proton  affinity  scale  including  that 
of  ref. 9.  The  average  deviation  in  determined  from  the 

intercepts  of  Fig.l  and  calculated  values  is  1.5  entropy  units. 

Thi3  would  correspond  to  T  =  0.45  kcalmol-1  at  300K  and  is 
generally  within  uncertainties  of  the  entropies  of  the  ions 


involved . 


The  only  ions  of  Table  I  whose  entropies  are  known  are  HC03* 
(55.6+0.8),  CH,*  (50.4+0.5)  and  HCO*  (48.0+0.2)  from  Bolme  et 
al3.  The  entropy  of  HaCl*  is  assumed  equal  to  that  of  the 
isoelectronlc  H2S,  49.2eu,  that  of  HBr  equal  to  that  of  H3Se  = 
54.2eu  and  S(HNO-)  is  taken  equal  to  S(HCO)  =  53.7eu.  The  one 
undetermined  entropy  S(CF«H*)  is  determined  as  the  best  fit  to 
equations  6,7,8  ar.d  9  so  that  only  6  of  the  7  entropy  fits  are 
independent.  The  values  of  S(CF,H*)  deduced  is  66.6eu.  This 
gives  a  protonation  of  CF„  of  4.1  eu,  consistent  with  the  usual 
range  of  values  found  e.g.  CH„  (5.9),  HC1  (4.6),  C03  (4.5),  NO 
(3.4)  and  C0(0.8)  and  HBr  (4.9).  The  quality  of  these  or 
probably  any  other  such  available  ion  entropies  are  not 
sufficiently  good  to  Justify  serious  structural  consideration. 

One  qualification  must  be  made  concerning  our 
comparisons  of^(PA)  values  with  those  of  ref. 9.  namely, 
temperature  variable  measurements  Involving  OF*  and  NC  pror.nn 
transfer  reactions  were  not  carried  out  in  Birmingham  and  the 
values  of  PA(CF„)  and  PA(NO)  in  ref. 9  are  those  deduced  from  the 
present  SIFDT  studies.  One  could  simply  reduce  the  7  cases  of 
agreement  by  two,  leaving  5  cases  of  agreement  to  support  the 
present  justification  for  the  use  of  the  SIFDT.  The  situation 
is  somewhat  better  than  this  however,  for  two  reasons.  It  is 
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obvious  from  the  occurrence  of  very  fast  proton  transfer  between 
CF*  and  NO  In  both  directions  { >10- locm:*s" 1 )  that  their  PA's  are 
closely  the  same,  i.e.  the  uncertainty  in  their  PA  difference  is 
clearly  less  than  0.5  kcal  mol'1  independent  of  any  knowledge  of 
T  or  KE  dependence.  Secondly  the  PA's  of  both  CF.,  and  NO  agree 
within  better  than  lkcalmol-1  with  values  previously  determined’, 
although  the  new  values®  are  certainly  more  precise. 

There  is  strong  evidence  that  Che  non-linearity  of  the  van ' t  Hoff 
plots  for  reactions  (2)  and  (3)  i3  related  to  the  N20H*  ion.  A 
linear  van ' t  Hoff  plot  Implies  that  there  must  be  linear 
Arrhenius  plots  associated  with  both  kr  and  kr  for  each  reaction. 
For  the  nine  reverse  reactions  studied  we  have  18  Arrhenius 
plots.  16  of  which  are  linear  and  2  are  markedly  non-linear.  The 
last  two  are  for  the  reactions  N:0H*  ♦  CO  -*•  HCO*  ♦  N30  and  N-OH* 
♦  HEr  -*  HjBr*  ♦  N-0  and  are  illustrated  in  Figure  3.  It  is 
these  two  Arrhenius  plots  which  when  combined  with  the  two  linear 
Arrhenius  plot3  for  the  appropriate  reverse  reactions  produce  the 
two  non-linear  van ' t  Hoff  plots  of  Figure  2  that  are  associated 
with  reactions  (2)  and  (3). 

To  supplement  the  above  data  there  are  ether  reactions  which 

have  been  studied  previously,  but  which  were  measured  in  one 
direction  only.  These  are 

HBr*  ♦  CH„  — *■  CH,*  ♦  Br  and  (11) 

j  — *•  CO-H*  +  Br 


HBr*  «■  CO 


(  12) 
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30  that  only  Arrhenius  plot3  for  the  reverse  direction  are 
available,  but  these  can  be  used  to  establish  an  approximate 
link  to  Br  although  this  link  is  less  accurate  since  the  slope  of 
the  forward  reaction  Arrhenius  plot3  are  not  known.  The 
uncertainty  in  the  estimates  of  the  small  temperature  dependences 
of  the  fast  exothermic  reaction  is  the  origin  of  the  uncertainty 
in  the  present  PA  scale0.  The  Arrhenius  plots  give  ^  H  =  0.6 
and  3.0  kcal  mol'1  respectively.  The  value  3.0  kcal  mol"1  for 
(11)  agrees  well  with  the  value  deduced  from  the  T  dependence 
of  (12),  to  which  the  PA  scale  is  tied0.  The  Arrhenius  plot  for 
HBr *  ♦  CH,  is  shown  in  Fig. 3. 

Let  us  consider  briefly,  and  speculatively,  why  SIFDT  studies  of 
proton  transfer  reactions  may  yield  linear  Arrhenius  rate 
constants,  and  therefore  linear  van’t  Hoff  equilibrium  constant 
plots,  yielding  correct  values  of  Ah  and^S,  as  we  ha"e 
established  for  the  present  several  case3. 

What  is  clear  is  that  rotations  and  vibrations  of  the  neutral 
reactants  are  not  excited  in  the  SIFDT,  i.e.  they  remain  in  a 
thermal  (300K)  distribution.  It  is  also  likely  that  the  ions  are 
rotationally  equilibrated  with  the  relative  KE ,  consistent  with 
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theoretical  prediction13  and  experiment10  in  the  case  of  atomic 
buffer  gases,  as  for  He  in  the  present  case.  The  major 
uncertainty  concerns  ion  vibrational  excitation.  It  is  uncertain 
to  what  extent  the  ions  are  vibrationally  excited  in  the  He 
buffer  gas.  The  presumptive  evidence,  from  the  validity  of  the 
KE  "van't  Hoff”  plots  is  that  rotations  and  vibrations  play  no 
role.  As  a  general  observation,  it  has  been  commonly  observed 
that  exoergic  proton  transfer  occurs  on  nearly  every  collision 
for  small  molecules  such  as  considered  here.  This  suggests  that 
the  sole  criterion  i3  energy  and  not  the  rotational  and 
vibrational  states  involved  except  as  they  contribute  to  making 
an  endoergic  reaction  exoergic. 

with  regard  to  rotation,  one  does  not  expect  a  significant 
rotational  effect  in  such  reactions,  in  part  because  the 
rotational  quanta  are  so  3mall  and  one  expects  small  change 
propensities,  a  sort  of  angular  momentum  conservation. 

Recently  Viggiano  et  al1'*  have  made  the  first  specific  rotational 
dependence  studies  for  ion  molecule  reactions  and  find  the 
effects  to  be  small. 

With  regard  to  vibration.  He  is  an  extremely  poor  vibrational 
exciter,  especially  for  the  high  frequency  H  stretching  modes  and 
most  of  the  experiments  are  carried  out  at  energies  below  the  H 
stretching  energy  threshold.  The  linearity  of  the  plots  of 
Flg.l.  clearly  indicate  that  there  is  not  an  onset  of 
vibrational  excitation  with  a  consequent  sharp  change  of 
reactivity.  The  extent  of  vibrational  excitation  of  the  lower 
frequency  bending  modes  is  unknown,  and  quite  possibly  signficant 
but  apparently  does  not  yield  an  effect. 
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The  proton  transfer  reaction 

H2*  (v)  +  H2  — ►  H3*  +  H,  (13) 

known  to  be  proton  transfer  and  not  H  atom  transfer  as  a  result 
presumably  of  the  much  weaker  H2*  bond,  has  been  studied  as  a 
function  of  v  and  KE13.  The  results  are  quite  consistent  with 
the  present  deduction  of  a  weak  vibrational  effect.  The  cross 
section  decreases  very  slightly  with  v  at  low  ECm  =  O.lleV  and 
very  much  less  at  Eom  =  0.46eV  and  not  at  all  at  Eom  =  0.93eV. 

At  low  centre  of  mass  KE's,  where  there  is  a  slight  change  in 
rate  constant  with  v,  there  would  be  no  vibrational  excitation  in 
a  drift  tube  (  it  would  be  energetically  impossible)  and  at  high 
KE  where  there  might  be  vibrational  excitation  there  is  no 
vibrational  effect  on  rate  constant.  One  does  not  know  how 
generalized  this  situation  is  but  it  accords  well  with  present 
findings  . 

It  is  known  that  vibrational  energy  can  effectively  drive  an 
otherwise  endoergic  reaction,  e.g.  the  slow  endoergic  HC1*  (v=0) 

+  N2  — =►  N2H*  +  Cl  becomes  very  fa3t  for  v  =  l13. 

With  regard  to  the  very  non  linear  behaviour  of  the  N2OH* 
reactions,  shown  in  Fig. 2,  we  might  suppose  that  this  is  a 
consequence  of  the  occurrence  of  two  isomeric  forms,  N2OH*  and 
N2OH*,  separated  by  only  6  +.  1.3  kcal  mol'1  17-la.  There  are 
also  two.  isomeric  forms  of  HCO*  and  HNO*  but  the  energy 
separations  are  much  larger,  larger  than  the  KE's  involved  in  the 
drift  tube.  The  two  forms  are  known  to  be  produced  in  the  SIFDT 
source  and  to  have  different  reactivities1®.  Since  the  van ’ t 
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Hoff  temperature  plots  were  well  behaved2-®,  one  may  ask  why  the  KE 
plots  were  different.  One  possibility  is  that  the  different  ion 
sources  produced  different  distributions  of  Isomers.  Possibly  in 
the  higher  pressure  variable  temperature  flow  tube  ion  source  the 
ions  were  relaxed  to  the  lowest  energy  form.  Alternatively, 
perhaps  the  higher  energy  collisions  in  the  SIFDT,  where  the  non¬ 
linearity  becomes  severe.  Induce  transitions  between  the  two 
isomers . 

Conclusions 

The  use  of  SIFDT's,  in  which  rate  constants  are  measured  as  a 
function  of  relative  ion-neutral  kinetic  energy  has  been  found  to 
yield  linear  Arrhenius  plots  for  a  number  of  forward  and  reverse 
proton  transfer  reactions  and  hence  linear  van’t  Hoff  plots  from 
their  ratio.  The  values  of  A®  an d  &S  are  found  to  be  in 
excellent  agreement  with  the  established  values  for  these 
reactions.  The  only  deviations  from  linearity  observed  Involved 
protonated  nitrous  oxide.  This  may  be  related  to  the  existence 
of  two  closely  lying  N2OH*  isomers,  only  6  kcal  mol'1  apart  in 
energy.  It  thus  appears  that  KE  van't  Hoff  plots  are  often 
linear  and  when  they  are  they  yield  valid  thermochemical  data. 

When  such  plots  are  not  linear,  for  whatever  reason,  for  example 
as  a  consequence  of  the  inherent  non-thermodynamic  equilibriyum 
between  vibrations  and  translations  in  a  drift  tube,  this  will 
not  lead  to  error  since  the  non-linearity  will  preclude  such  use. 
This  expanded  role  for  flowdrift  tubes  is  potentially  very  useful 
because  of  the  extremely  limited  capability  for  making  temperature 
variable  ion-molecule  reaction  rate  constant  measurements 
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Table  I 

Values  of  H  and  from  lnK.,,  =  S/R  -  3^H/2E<S„ 

(Text  Reaction  -  £>g(calc) 

No) .  kcalmol' 1  eu 


4. 

H,Sr 

*  ♦ 

CO  =  HCO- 

♦  HBr 

2.0 

2.6 

1.4 

-4 . 1 

5. 

CH,- 

♦ 

HBr  =  HjBr* 

♦  CH* 

9.1 

8.8 

-1.7 

-1.0 

10. 

H2C1 

*  +  HBr  =  HjBr * 

♦  HC1 

6.0 

5.8 

♦  0.6 

♦  0.3 

6. 

CF*H 

*  ♦ 

HC1  =  H2C1 

*  ♦  CF* 

7.0 

6.5 

-0.2 

♦  0.5 

7. 

CF*H 

*  + 

CH*  =  CHn* 

♦  CF* 

4.0 

3.5 

-1.7 

-1.8 

8. 

CF*H 

*  ♦ 

NO  =  HNO* 

♦  CF* 

0.6 

0.5 

-3.7 

-0.7 

9. 

CF*H 

•  ♦ 

C03  =  HC03 

*  ♦  CF* 

1  .  7 

2.0 

+0.4 

♦  0.4 

Entropies  of 
Entropies  of 

neutrals  from  Benson 
HC0-,  COaH*  and  CH,- 

(Ref  . 
from 

,20) 

Bohme  et 

al  ( ref . 3) 

S ( HjCl * )  assumed  =  S(HZS)  =  49,2  eu 
S(HNO-)  "  =  S(HCO)  =  53 . 7eu 

S(H2Br*)  "  =  S(H2Se) =  52 . 4eu 

S(CF*H*)  «  .  .  6.7,8  and  9.»66.6 


Figure  Captions 


Fig. 1  Showing  van't  Hoff  plots  for  reactions  (4)  to  (lO) 

Fig. 2  Showing  non-linear  van't  Hoff  plots  obtained  for 

reactions  (2)  and  (3).  Reaction  (2):  present,  -V 
reference  2,  Reactions  (3):  present,  ■, 

Fig. 3  Showing  Arrhenius  plots  for  reactions  (2)  and  (3). 

Reaction  (2)  :  forward  A  «  reverse  ^  . 

Reaction  (3)  :  forward  •  ,  reverse  Q  .  The 
Arrhenius  plot  for  reaction  (11)  is  also  shown  plotted 
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ION  CHEMISTRY  OF  HCl*  AND  HBr*  AND  VIBRATIONAL  QUENCHING 
RATE  CONSTANTS  OF  HCt*Cv  =  1)  AND  DCI*(v  =1). 
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A  study  of  vtprationai  quenching  of  HCl*  and  OCi*  in  collisions  with  neutrals  has  bean  cameo  out  in 
order  to  change  the  ton  rotetionel  end  vibrational  energy  level!  while  maintaining  the  interaction  potentia 
conatan t  This  provide!  a  critical  teat  of  energy  trantfer  models  Reaction*  of  HC:’  with  SF,  ana  CF 
have  been  obaerveo  witn  maior  Implications  for  the  thermochemistry  o<  theae  molecules  Proton  Transfer 
reactions  of  HBr*  may  reaotve  the  current  controversy  over  the  proton  affinity  scale  in  the  “  120-  T5C  kca; 
mo  i'1  range. 


EXPERIMENTAL 

The  Flowing  Afterglow  systetr  is  that  UBed  for  earlier  studies  of  HCl* 
chemistry1 .  Vibrationally  excited  HC1*(DC1+)  Ions  are  detected  by  their 
fast  exothermic  proton  transfer  to  N2 ,  which  ic  e.iuo'  h:  it  *c  [ir*  rl~-'  for 
ground  state  HOI*  ions1.  The  experiments  were  complicated ,  relative  to 
earlier  studies  of  02**  and  NO* 5  vibrational  quenching  due  to  several 
factors  :  (1)  vibrational  excitation  in  electron  ionization  is  weaX  due  to 
nearly  vertical  FC  factors,  (  n )  substantial  ion  vibration  depletion 
occurs  by  fast  IR  emission,  (In)  the  upper  zn  1//2  fine  structure  level 
gives  a  alow  endothermic  reaction  with  N2  at  30C  K  which  leads  to  an 
Interfering  bacXground,  and  (  iv  )  the  extreme  reactivity  of  HCl*  sharply 
limits  the  possible  quenchers  that  car.  be  studied. 
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VlBiVvTlONAL  QUENCHING 


The  only  tractable  quenchers  that  we  discovered  were  Ar  and  Kr,  other 
species  reacted  with  HC1+.  The  results  obtained  with  An  and  Kr  are  given 
In  Table  I.  He  was  the  buffer  gas  and  did  not  measurably  quench.  Z  is  the 
number  of  collisions  required  on  average,  to  quench. 

TABLE  I 


Ion 

-  1 

v/(  cm  ) 

B(  cm  1  ) 

Quencher 

i  -  i 

M®  B  ) 

<3 

Z 

BCl+(  u  -  1  ) 

2569 

9 . 96 

AT 

3 . 5(  -10  ) 

2.0 

At 

o 

1 

0) 

1  .1 

- 

He 

<1  (-12) 

>  io3 

DC1  +  (  v  -  i  ) 

1869 

5.12 

Ar 

1 . 9(  -10  ) 

3.7 

- 

Kr 

4 . 3(  -10  ) 

1.7 

- 

He 

<  1( -12  ) 

>  io3 

The  results  of  Table  I  are  striXlng  In  the  large  magnitude  of  the  rate 
constants  and  the  fact  that  HC1+  la  quenched  slightly  faster  than  DC1+. 
The  values  of  )cq  are  orders  of  magnitude  larger  than  those  of  0a+  and  N0+ 
by  A r  and  Kr J ■ 3 .  The  quenching  of  HC1*  by  K.r  is  over  700  times  faster  than 
N0+ . 4  . 

These  observations  support  a  dominant  role  for  rotational  excitation  m 
vibrational  quenching  for  systems  with  strong  long  range  attractive 
forces.  Tbe  large  rotational  constants  lead  to  large  X.q’8  and  the  larger 
rotational  constant  of  HC1+  outweighs  the  disadvantage  of  its  higher 
vibrational  frequency  which  necessitates  a  larger  V  -•  T,  R  energy 
conversion.  This  conflicts  with  recent  attempts  to  explain  ion  vibratio¬ 
nal  relaxation  by  a  Landau  Teller  mechanism5. 


It  is  consistent  with  earlier  recognition  of  the  dominant  role  of 
rotational  excitation  in  neutral  B Cl  self  vibrational  relaxation  *  and  in 
HP  dimer  vibrational  predissociation7 .  We  suggest  that  ion  vibrational 
relaxation  occurs  as  Vibrational  prediasoclation  in  the  transient  ion- 
quencher  collision  syBtem  resulting  from  the  long  range  forces.  This  la  an 
extension  of  the  bound-contlnuuir,  vibrational  prediasoclation  model  for 
Van  der  Waals  molecule  dissociation  (half  collisions)  to  a  continuum- 
continuum  vibrational  predissociation  model  for  the  full  collisions. 

HCI+  REACTIONS  WITH  SF.  AND  CF«. 

The  reaction  : 

BC1+  4  SP.  — .  SP4+  4  H?  4  Cl  (1) 

occurs  on  every  collision.  Implying  AE( SP,4/5F, )  <  14.17  ev.  Analysis  of 
this  data  and  that  of  Plchter  et  al®  who  found  Kr+('IP,/i)  to  react  with 
srt  to  produce  SP44,  measurements®  showing  IP(SP4)  <  10.16  ev  and  D(SF4-p; 

-  3.95  1  0.14  ev10  lead  to  values  AE ;SE44/5F6)  -  13.98  i  0.03  ev  and  D(SF4 

-  r)  <  3.9  ev11.  Similarly  the  reaction 

HC14  4  CP«  — .  CPj+  4  HF  4  Cl  (2) 

was  found  to  be  nearly  thermoneutral  and  AE(CF4+/CF4)  -  14.2  »  0.1  ev  was 
determined11.  Values  of  both  AE ' s  in  the  literature  are  much  higher  ~  15.6 
ev. 

HBr+  REACTIONS 

Proton  transfer  reactions  of  HBr+  with  C02,  CH«,  CFt,  Nz0,  W02  SOIt  COS 
and  HjS  have  been  measured.  An  analysis  of  these  data  appears  to  provide  a 
resolution  of  the  current  controversy  over  the  absolute  proton  affinity- 
scale  in  the  ~  120-150  kcal  mol-1  proton  affinity  range. 
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ABSTRACT 


The  reactions  of  N/  with  H-.  D;.  ind  \r  and  N:  Ar '  with  N\  have  been  >ludicd  as  a 
function  of  centre-of-mass  interaction  energv.  /fr.  in  helium  carrier  ga>  using  an  SI  IDT 
apparatus.  The  rate  cikrtfictent  for  each  of  the  reactions  sncre.i'Cs  with  /..  From  the  data 
activation  energies  for  the  N,’  -H:.  D:.  and  \r  reactions  have  been  obtained  jnd  are 
consistent  with  those  prev  ouslv  determined  m  a  trulv  thermal  flowing  afterglow  ovpeiiment 
Prom  a  consideration  of  the  rate  coefficients  for  the  *  Ar  and  :he  reverse  N.  \r  '  -  N. 
reactions,  estimates  have  been  made  of  the  enthaipv  and  entropv  changes  m  the  reactions,  the 
former  parameter  relating  to  the  difference  between  the  bond  energies  of  V'  N.  and 
V*  -  Ar.  From  the  entr.'pv  change,  together  with  a  consideration  of  the  partition  functions  of 
the  reactants  and  products,  the  structure  of  \\  Ar  *  has  been  Jenvev!  The  results  of  this  studs 
have  been  carefullv  compared  with  prevu»us  work 


IN  TRODl.  C  l  ION 

Thai  Nj  is  a  stable  positive  ion  has  been  appreciated  for  main  years  [1). 
It  is  readily  formed  in  nnrogen-nch  ionized  gases  (even  at  moderate  pres¬ 
sures)  by  three-body  (ternary)  association  of  N:‘  with  N:.  The  ternary 
association  reaction  rate  coefficient  has  been  measured  in  both  N:  and  He 
bath  gases  as  a  function  of  temperature  in  several  laboratories  (see  ref.  2  and 
the  references  cited  therein).  Much  interest  has  centred  on  its  binding  energy 
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(equivalently  the  dissociation  energy  D(  \V  N.  l|.  Perhaps  the  most  reliable 
experimental  determinations  are  those  from  equilibria  studies  due  to  Teng 
and  Conway  (3|  which  gives  0,',’(  NT -N; )  as  1.12  ±  0.1  eV  (  D-\,  =  1.0b  eVi 
and  from  Paysant  and  Keharle  [4(  for  which  =  0.99  eV.  Also  a  value  of 
0.9  -  0.2  eV  has  been  deduced  from  the  appearance  energy  of  N4'  generated 
in  electron  collisions  with  (N.);  dimers  [5].  Since  the  first  experimental 
observation  of  N4  .  theorists  have  been  interested  in  determining  its  geome¬ 
try  [6.7]  and  the  electronic  states  which  are  responsible  for  its  sizable 
binding  energy.  Detailed  structure  calculations  [7|  have  indicated  that  the 
linear  conformation  of  the  N  atoms  is  the  most  stable  and  a  binding  energx 
of  1.32  eV  has  been  calculated. 

It  is  also  known  that  N4"  ions  are  involved  m  the  ion  chemistrv  of  the 
Earth's  lower  atmosphere  (S ].  an  exciting  area  of  ion  chemistry  to  which 
Eldon  Ferguson  has  contributed  so  much.  Hence,  a  good  deal  of  attention 
has  been  given  to  its  reactions  with  atmospheric  and  other  gases  (4. 10], 
Amongst  the  many  reactions  of  \4  which  have  been  studied,  that  with  H 
is  most  unusual 

N;  -  H.  -  N;H  ‘  -  H  -  N;  (I ) 

This  reaction  is  quite  exothermic  (by  1.5  e V )  yet  at  300  K.  the  rate 
coefficient  kill  is  only  2.4  <  10  cm'  x  1  compared  with  the  collisional 
rate  coefficient  for  the  reaction,  kj  1 ).  which  is  1.5  <  10  11  cm  s  1  Also, 
fill  increases  dramatically  with  tncrc.i'ttri  temperature,  as  revealed  hv 
variable-temperature  flowing  afterglow  (FAi  studies  in  helium  carrier  gas. 
and  with  increasing  \4‘  IF  centre-of-mass  energy,  as  has  been  revealed  hx 
the  flow  drift  lube  I  FDT i  studies  in  N.  carrier  gas.  Both  studies  were  carried 
out  in  Ferguson's  laboratory  at  N< )A.\  [9|.  These  co-orvlinated  F  \  and  FT)  Y 
studies  also  included  the  analogous  reaction 

N;  +  D.  -  N.D  -  D  -  N.  < 2 1 

which  exhibited  similar  behaviour 

This  work  raised  the  question  whether  it  is  the  translational  energx 
increase  between  the  reactants  or  the  enhanced  internal  energy  of  the  \4 
ion  which  so  efficiently  promotes  reactions  tl)  and  (2).  Since  these  measure¬ 
ments  were  carried  out.  a  greater  understanding  has  developed  of  the 
importance  of  vibrational  excitation  of  molecular  ions  in  drift  tubes  and 
flow  drift  tubes  (1  !|  and  of  how  such  excitation  can  influence  ion  molecule 
reactions  [12|.  This  has  been  possible  due  to  the  development  of  the  selected 
ion  flow  tube  (SIFT)  [!.-(  and  the  selected  ion  How  drift  tube  (SIP'DTl  (14). 
In  these  techniques,  the  ion  source  gas  (i.e.  N.  for  N4‘)  is  excluded  from  the 
flow  tube  and  therefore  cannot  interact  with  te.g.  vihraiionally  quench)  the 
N.,  .  for  example  following  its  excitation  in  collisions  with  the  carrier  gas 
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atoms  or  molecules  during  its  acceleration  in  a  drift  field  (such  an  interac¬ 
tion  with  the  source  gas  could  have  been  occurring  in  the  FA  and  FDT 
experiments  described  above),  fn  a  recent  SIFDT  study  at  Birmingham  [15], 
Nj'  ions  were  generated  in  a  high-pressure  electron  impact  ion  source 
containing  NY.  injected  into  helium  carrier  gas  and  accelerated  in  the  drift 
field  of  the  SIFDT.  At  NY  /He  centre-of-mass  energies  below  D(  N - N - ). 
dissociation  of  the  NY"  to  NY"  was  observed.  This  is  a  clear  indication  that 
vibrational  excitation  of  the  N4*  occurs  in  the  N4*  /He  carrier  gas  collisions. 
This  conclusion  was  reinforced  by  the  fact  that,  when  isotopieally  labelled 
N.  was  added  to  the  flow  tube,  the  exchange  of  NY  molecules  in  N4*/NY 
collisions  became  facile  at  elevated  N4"/He  centre-of-mass  energies.  That 
vibrational  excitation  of  NY  occurs  in  He  collisions  strongly  implies  that 
vibrational  excitation  will  be  very  efficient  in  NY  /N.  collisions,  a  conclu¬ 
sion  reached  previously  by  the  NOAA  group  (9). 

In  pursuit  of  a  better  understanding  of  the  variation  of  Ail)  and  ki2) 
with  energy,  we  have  carried  out  a  detailed  study  of  reactions  ill  and  ( 2 ) 
using  the  Aberystwyth  SIFDT.  This  has  been  possible  using  a  high-pressure 
ion  source  based  on  a  design  by  Paulson  and  Dale  (lb)  from  which  we  have 
been  able  to  inject  into  the  llovv  tube  substantial  NY  currents  at  energies 
sufficiently  low  that  significant  break-up  of  the  NY  did  not  occur.  This 
facility  has  enabled  u.  to  study  the  near-lhermoneulral  reaction 

N.  -  Ar  -  N.  Ar  -  V  (el 

and  also  l he  reverse  process 

N  V  •  •  N  -  NY  -  Ar  (4) 

since  the  ion  source  also  provided  substantial  yields  of  N-Ar'  Feng  and 
Conway  (?)  have  studied  mass  spcctrometrically  the  equilibrium  ratios  of  the 
N.  to  N.Ar'  ion  signals  in  a  variable-temperature  drift  tube  containing 
controlled  mixtures  of  nitrogen  jnd  argon,  from  which  thev  have  deduced 
the  mean  enthalpy  change.  A//’1,  in  reaction  (?l  to  be  0.04  e\  over  the 
temperature  range  ?IH)  -TOO  K..  This  implies  that  0(NY‘  -  Art  is  slighllv 
greater  than  P (N-  N.|.  Our  SIFDT  kinetic  data  for  reactions  tei  and  i4i 

also  provide  information  on  A//‘  and  AS  "(see  the  Results  and  Discussion 
section). 

1  M’l  RIXII  M  VI 

The  SIFDT  technique  has  been  described  in  detail  in  previous  pub¬ 
lications  [13.14.1?].  Worthy  of  note  here  is  the  structure  of  the  very  efficient 
venturi-type  inlet  ( such  inlets  are  essential  features  in  ah  SIFT  and  SIFDT 
apparatuses  |14|i  recently  included  in  the  Aberystwyth  SIFDT  through 
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which  ions,  generated  in  a  remote  ion  source,  enter  the  flow  tube.  Essen¬ 
tially.  it  consists  of  an  annular  slit  which  surrounds  the  ion  entrance 
aperture  and  of  two  sets  of  small  circular  apertures  located  on  larger  pitch 
circle  diameters.  Carrier  gas  flows  through  the  slit  and  through  the  circular 
apertures  from  a  common  reservoir.  The  relative  areas  of  the  slit  and  the 
apertures  are  such  that  only  a  very  small  fraction  of  the  carrier  gas  flows 
through  the  slit.  With  this  venturi  arrangement  (which  is  a  hybrid  of  the 
Birmingham  design  and  the  NOAA/York  design  described  in  detail  in  refs. 
14  and  18)  and  the  efficient  high-pressure  ion  source  [  1 6 j.  substantial 
currents  of  N4"  could  be  injected  into  the  flow  tube  at  energies  sufficiently 
low  to  prevent  break-up  of  the  ion  in  collisions  with  helium  carrier  gas  (a 
N4 /He  eentre-of-mass  energy  <08  eV  was  necessary).  Thus  N4'  count 
rates  as  large  as  10'1  counts  s- 1  were  recorded  at  the  downstream  detector  in 
the  SIFDT.  Similar  count  rates  of  N,Ar'  could  be  obtained  by  forming 
N .  Ar  ‘  in  the  ion  source  using  a  mixture  of  N.  and  Ar  as  the  source  gas. 

In  order  to  measure  rale  coefficients  in  the  SIFDT.  it  is  necessary  to 
determine  the  reaction  (residence)  lime  of  the  ions  at  each  value  of  E/S 
(the  ratio  of  the  electric  field  strength.  E.  to  carrier  gas  number  density.  V  ) 
for  which  the  k  is  required.  A  convenient  way  is  first  to  measure  the 
mobility,  ji.  of  the  particular  ion  species  as  a  function  of  E/S  prior  to  the 
measurement  of  A.  The  procedure  for  measuring  ,u  in  the  Aberystwyth 
SIFDT  has  been  described  previously  (17.14],  Thus,  we  measured  g  for  both 
N4  and  N;  Ar‘  in  room-temperature  helium  at  a  pressure  of  0.25  torr  for 
values  of  E  S  up  to  100  Townsends  ( 1 1)()  Td).  The  results  are  shown 
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Fig.  1.  Reduced  mobilities,  u.  as  a  function  of  E  V  for  \4‘  and  \:  \r '  ions  drifting  in  pure 
He  carrier  gas  in  the  SIFDT  from  measurements  at  a  He  pressure  of  about  0  <orr  and  at  a 
temperature  of  300  K.  The>e  a  data  are  used  in  the  calculation  of  the  rate  coefficients  and 
cenire-of-ma.ss  energies  presented  in  the  other  figures. 


graphically  in  Fig.  I  where  it  can  be  seen  that  //( N;Ar' )  somewhat  exceeds 
/x(N4‘ )  over  the  complete  E/S  range.  The  difference  in  mobility  is  presuma¬ 
bly  due.  in  part,  to  the  larger  size  of  N4‘  (4.09  A  long)  compared  with  that  of 
N.Ar*'  (2.23  A  tong,  see  below).  The  precision  of  these  measurements  of  g 
(+4T)  exceeds  those  for  other  ion  types  previously  measured  by  the 
Abervstwvth  group  due  to  the  use  of  a  multichannel  scaler  with  a  1  /as  time 
resolution.  The  rate  coefficients  of  reactions  (!)-(4|  were  then  measured  in 
the  usual  was  at  a  number  of  E/S  values  for  each  reaction  using  the  n 
values  to  calculate  the  reaction  times  and  also  the  reactant  ion/reactant 
molecule  and  the  reactant  ion/helium  carrier  gas  eentre-of-mass  energies.  E. 
and  E  .  respcctivelv.  These  energies  are  readily  obtained  using  the  W  annier 
relationship,  as  has  been  described  in  many  publications  [20.211. 

Rli.XVLTS  AND  DISCISSION 

The  measured  rate  coefficients  At  1 1  and  A (2)  for  the  reactions  of  N .  with 
H.  and  D-.  respectively,  are  shown  in  Fig.  2  plotted  as  a  function  of  the 
\j  'H  and  N4  D-  centre-of-ituiss  energies.  /.,.  Also  represented  in  Fig  2 
for  comparison  arc  the  data  of  Llndinger  et  al.  (4)  obtained  in  N  .  carrier  gas. 

:  -  // 
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f  ill.  The  rate  coefficient'.  A .  as  a  function  *'1'  i..  for  the  reactions  of  N  ,  with  H  ■  i#i  .iikI 
N  /  with  1>-  (■>  in  He  earner  ca'  at  300  K  The  contituiou"  lines  rcprcNent  th.e  previous  data 
(from  ref.  0)  for  the  sjinc  reactions  but  m  N  -  earner  eas  The  more  rapid  rise  oi  k  with  m 

tlie  N.  earner  jmn  o  aliribuied  to  the  occurrence  of  vibrational  equation  ot  the  N.  m 
c»>IIin|(*Hn  with  \s  earner  ia\  moloeulev 


240 


These  reactions  are  exothermic  by  1.5  eV  and  so  the  very  rapid  increase  in 
A(l)  and  A( 2)  with  E,  is  indicative  of  an  energy  barrier  to  the  reaction. 
Hence,  given  in  Fig.  3  are  the  drift  tube  equivalents  of  Arrhenius  plots  of  the 
data  (k  versus  £*').  The  linearity  of  these  plots  indicates  that  an 
Arrhenius-type  law  [i.e.  k :  =  A  e.xpl  -3  1E/2E,)]  represents  these  data  quite 
well  and  the  activation  energies.  \E.  obtained  from  the  slopes  of  the  lines 
are  0.157  +  0.01  eV  for  the  H:  reaction  (1)  and  0.169  +  0.01  eV  for  the  D, 
reaction  (2).  The  IE  derived  for  reaction  (1)  is  in  very  good  agreement  with 
the  truly  thermal  value  previously  obtained  from  the  variation  of  kill  with 
temperature  [9],  which  is  not  subject  to  the  doubts  inherent  in  deierming  \F, 
values  from  non-thermal  drift  tube  experiments.  This  agreement  between  the 
2E  obtained  in  the  two  different  experiments  indicates  that,  in  the  present 
SIFDT  experiments  in  helium  carrier  gas  over  the  small  E,  range  from  0.04 
to  about  0.1  eV.  any  departures  of  the  rotational,  vibrational  populations  of 
the  Nj  ions  and  the  rotational  populations  of  the  H.  molecules  from  their 
thermal  equilibrium  values  at  a  temperature  7",.  given  h\  E,  =  { 3  2)  kT7. 
does  not  significantly  influence  the  rate  of  the  reaction.  Presumably  these 
remarks  also  apply  to  the  deuterium  reaction  t2)  Note,  however,  that  the 
more  rapid  increase  in  A 1 1 )  and  A 1 2 1  \v  ith  E,  as  observed  in  the  N  carrier 
gas  (see  Fig.  2)  has  been  attributed  to  the  vibrational  excitation  of  the  \4’ 
ions,  which  is  efficientlv  induced  by  collisions  with  the  heavx  N  carrier  gas 


molecules  (9J.  It  is  clear  that  vibration;-!  excitation  of  the  N4*  also  occurs  in 
the  helium  carrier  gas  at  high  E/S  since  the  N4  actually  dissociates  (see  the 
Introduction),  but  it  is  obviously  much  less  efficient  in  He  collisions  than  in 
N,  collisions. 

The  small  difference  between  the  values  of  \E  for  the  H.  and  D: 
reactions  is  barely  significant  within  the  errors  of  the  experiments  and  may. 
in  part,  be  due  to  the  non-thermal  nature  of  the  drift  tube  experiments, 
although  an  isotope  effect  on  A E  is  to  be  expected  because  of  the  dif¬ 
ferences  in  the  zero-point  energies  (and  thus  in  the  barrier  heights )  within 
the  hydrogenated  and  deuterated  intermediate  complexes  formed  in  the 
reactions.  However,  the  differences  in  the  magnitudes  of  A  ( 1 )  and  A  ( 2 >  at 
the  same  E,  require  some  comment.  This  difference  is  greatest  at  low  E, 
where  the  ratio  Adi  At 2 )  is  about  3.5.  but  from  an  extrapolation  to  the 
high-energy  limit  of  E,  (i.e.  where  E,  1  —  0.  see  Tig.  3)  the  ratio  is  about  2.5. 
In  part,  these  ratios  are  explained  by  the  differences  in  the  collisional  rate 
coefficients  for  the  reactions  for  which  is  1.51  X  10  "  cm'  s'1  for 
reaction  (1)  and  1.0S  x  l()  "em’  s  '1  for  reaction  (2).  i.e.  a  ratio  of  1.4.  So 
the  value  of  2.5  for  A 1 1  A  (2)  w  hen  E,  '  -*  0  is  presumably  accounted  for 
by  the  1.4  factor  and  a  similar  factor  resulting  from  an  isotope  effect,  the 
origin  of  which  is  probably  a  small  difference  in  the  barrier  heights  to  H  and 
D  transfer  within  the  N.,4  11 .  and  N 4"  D.  complexes.  It  should  be  noted 

that,  in  the  analogous  experiments  carried  out  by  Lmdinger  et  al.  [°|  in  N; 
carrier  gas.  the  observed  ratio  of  Ad),  A 1 2 )  changed  from  about  2.5  at  low 
E,  to  1.3  al  the  highest  values  of  E,.  bul  this  system,  unlike  the  lieiium 
earner  gas  svstem.  does  not  approximate  to  the  truK  thermal  system, 
especially  al  high  E,  at  which  the  S4‘  is  surely  highly  vibrationally  excited. 

The  rate  coefficients  for  both  the  N4  -  Ar  reaction  |3)  and  the  N-Ar'  - 
N.  reverse  reaction  i4i  increase  rapidly  with  E,  as  is  shown  in  Fig  4. 
Measurements  were  made  at  E,  values  up  to  about  1  eV  for  both  reactions. 
However,  it  was  observed  that  Er  values  in  excess  of  about  0.3  eV  initiated 
the  break-up  of  N-Ar4  ions  (almost  exclusively  to  N."  and  Ar)  and  so  data 
relating  to  reaction  (4)  above  0.3  eV  are  not  included  in  Fig.  4.  The  data  for 
reaction  (3)  are  plotted  in  Fig.  5  as  an  Arrhenius-type  plot  of  In  A 1 3 )  versus 
1  and.  as  is  obvious,  a  non-linear  plot  results,  unlike  those  in  Fig.  3  lor 
the  N  ,4  reactions  with  H  and  D.  even  though  the  experiments  were  carried 
out  over  very  similar  \4  He  centre-of-mass  energies.  E  .  (The  Er  values  in 
the  case  of  the  reactions  of  N4  with  the  heavier  Ar  are  much  greater  than 
the  /.',  for  the  N44  reactions  with  the  lighter  H-  and  D-.  even  though  the  E 
values  are  similar).  The  up-curving  of  the  plot  in  Fig.  5  at  small  E,  '  is 
presumable  due  to  the  vibrational  excitation  of  the  N44  ions  during  their 
collisions  with  Ar  atoms.  If  the  data  points  above  an  E,'  value  of  3  eV  '. 
for  which  N44  is  observed  to  begin  to  break-up.  are  represented  by  a  straight 
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Fig.  4.  The  rate  coefficient'.  k.  for  the  reactions  of  N4'  with  Ar  anJ  N:Ar*  with  N.  as  a 
function  of  F.t  in  He  earner  gas  at  ?00  K  The  increase  in  A.  with  E,  is  attributed  to 
activation  energ>  barriers  in  both  reactions  (see  text  and  Fig  These  data  are  plotted  in  the 
form  of  a  van’t  Hoff  plot  in  Fig.  b. 


Fig.  5.  An  “Arrhenius  plot"  i  k  versus  1 )  of  the  data  given  in  Fig.  4  for  the  reaction  of  N4 
with  \r.  The  solid  line  represents  the  data  obtained  previously  also  in  a  drift  tube  [22|.  The 
departure  of  the  points  from  the  line  at  low  Er  '  is  attributed  to  the  enhancement  of  k  due  to 
vibrational  excitation  of  the  N4  at  high  t., 
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line  as  shown,  then  this  indicates  an  activation  energy  barrier.  A£.  to  the 
reaction  oi  about  0.26  eV  which  is  essentially  the  same  as  that  obtained  by 
the  Innsbiu'ck  group  from  their  recent  drift  tube  study  of  reaction  (3)  [22], 
Also,  the  value  oi  £'3|  obtained  by  extrapolating  the  line  in  Fig.  5  to  zero 
E,' 1  is  ~  3.5  x  10  ,u  cm'  s  again  the  same  as  that  obtained  previously 
[22],  This  value  is  a  factor  of  two  smaller  than  the  eoilisiona!  limiting  value 
of  6.2  x  10*"’  cm'  s'1. 

Reactions  (3)  and  (4)  are  the  exact  reverse  of  each  other  md  so  ,l,e  -*<jo 
A(3)//v(4)  can  be  equated  to  an  equilibrium  constant.  Thus  a  van't  Hoff  plot 
of  In  k{2),  A. ( 4)  versus  £~ 1  is  shown  in  Fig.  6  for  E,  1  values  greater  than  3 
eV"1.  The  slope  of  the  plot  indicates  a  mean  enthalpv  change.  A//  ’,  of 
0.09  ±  0.01  eV  over  the  £,  range  from  0.1  to  0  25  eV  and  an  entropv  change. 
A.S'".  of  19  *  2  J  mol  '  K  '  This  small  positive  value  of  A//"  contrasts 
with  the  small  negative  value,  already  quoted.  of  -•  u  u4  eV  obtained  by 
Teng  and  Conway  [5|.  F  '  fr  on,|j  |sc  due  to  several  reasons 

including  the  different  energy  regimes  over  winch  ;h  •  •xneriments  were 
performed.  In  the  SlFDf  experiment,  it  cannot  be  excluded  that  some 
collision.il  excitation  of  the  ions  occurred,  e'.en  at  the  low  £.  used:  differen¬ 
tial  excitation  of  the  N4‘  and  N-4r’  would  obviouslv  be  manifest  as  an 
erroneous  A//'.  In  the  Teng  and  Conway  experiment,  competing  ionic 
reactions  in  the  V  \r  mixtures  could  complicate  the  interpretation  o(  data 
flic  present  SIFDI  data  indicates  that  />(  S'  N.|  is  somewhat  greater  than 
lh\:  Ar).  contrary  tv'  the  conclusion  drawn  from  the  Teng  and  Conway 
data.  Further  experiments  arc  necess.irv  to  rew  .  c  this  uncertainty 

The  derived  A.V"  value  from  the  present  si  1  i'l  data  compares  with  15  .1 
mol  1  K  1  obtained  b\  Tone  and  C.'nwjv  •  1  •  .  .v.  rtli  noline  that  errors  in 
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Fig  I’  \  “v.m'l  Holf  pl.-C  [In  ri.’i  A ( 4 v  versus  '|  *>t  the  U.a.i  lor  the  \ ,  -  \r  reaction 

t’l  and  the  N:.\r*  *  N«  rejetton  <4)  from  Fie.  4  for  E.  valued  less  than  0.25  eV.  -\hove  this 
/•.,  value,  vibrational  excitation  of  the  ions  *>ecurred.  1  lie  slope  of  the  plot  welds  a  value  of 
Iff  =  O.t.W  *0.0?  eV  and  the  intercept  yields  a  value  of  .\.V"  ~  2  .1  mol  K.  ; 


this  AS"  can  result  from  mass  discrimination  in  the  mass  spectrometer  of 
the  drift  tube  experiments.  This  is  not  the  case  in  the  SIFDT  experiment, 
which  is  concerned  only  with  kinetic  measurements  and  not  relative  ion 
signal  levels.)  The  experimentally  determined  AS"  is  useful  in  that  it  can  he 
used  to  determine  the  approximate  structure  of  the  N.Ar  "  ion.  The  informa¬ 
tion  required  to  calculate  A S"  in  reactions  (3)  or  (4)  is  all  available  except 
for  the  structure  of  N.Ai  ~  (note  that  Teng  and  Conway  [3]  favour  a  linear 
structure  for  this  ion.  based  on  the  shapes  of  the  molecular  orbitals, 
although  they  could  not  rule  out  the  possibility  that  the  molecule  is  T-shaped). 
It  is  known  that  N4  is  linear  and  the  bond  lengths  between  the  N  atoms  in 
the  ion  have  been  determined  by  ab  initio  methods  [3)  and  so  its  moment  of 
inertia  ean  be  readily  calculated.  N4*  is  also  known  to  have  a  configura¬ 
tion  in  the  ground  state  [5]  and.  obviously,  a  symmetry  number  of  2  is 
appropriate  to  this  ion.  N.Ar'  can  be  shown  to  be  by  correlation  of 
electronic  states  [23).  Clearly,  all  the  necessary  information  is  readily  availa¬ 
ble  for  the  Ar  atom  and  the  N,  molecule  and  so  an  expression  can  be 
obtained  for  AS"  in  the  reaction  in  terms  of  the  total  partition  functions  of 
's.  soecies  involved  t which  includes  translational,  rotational,  and  electronic 
contributions  see,  for  example,  ref.  24).  the  only  unknown  being  the 
moment  of  inertia  of  N.Ar'.  Thus,  bv  then  equating  the  theoretical  expres¬ 
sion  for  A.V"  to  the  experimental  value,  an  estima'c  can  be  obtained  for  the 
moment  of  inertia  of  the  ion  and  the  value  arrived  at  is  33  u  .V  .a.  ;|n 
assumption  that  it  is  the  linear  species  (N  N  Ar]  ’.  It  is  apparett'  that  the 
ion  cannot  he  non  linear  since  this  would  result  in  derived  moments  of 
inertia  some  two  orders  of  magnitude  smaller  than  that  of  N 4' .  which  is 
calculated  to  be  M3  u  -V  and.  in  the  light  of  this,  the  derived  value  for  linear 
N;  Ar '  seems  to  he  very  reasonable.  Assuming  that  the  N  N  bond  length. 
a.  m  N.Ar'  is  the  same  as  those  in  the  V  \.  ion  ti.e.  N’N  'N  'N. 
a  =  I  OS  A.  h  =  1.93  A  [3]).  then  the  N  Ar  bond  length,  e.  is  calculated  to 
be  1.13  A  li.e.  V'N  Ar).  not  an  unreasonable  result.  Clearly,  these  conclu¬ 
sions  could  be  tested  by  structure  calculations  In  support  of  the  assumption 
that  the  N  N  bond  length  in  N.Ar'  is  the  same  as  that  in  N4  .  it  is  worths 
of  note  that  Baker  and  Buckingham  {25 )  have  calculated  the  N  N  bond 
length  in  N  CI)’  to  be  I. OS  A. 

COM  I, I  DING  Rl  . MARKS 

The  exothermic  reactions  ill  and  1 2)  and  the  near-thermoneutral  reactions 
(3)  anil  (4)  are  all  slow  at  room  temperature  but  all  become  more  efficient  as 
the  centre-of-mass  energies  of  the  reactants.  increase.  It  is  evident  that 
small  activation  energy  barriers  arc  inhibiting  ail  of  these  reactions,  harriers 
which  can  he  overcome  bv  increased  and  also  bv  vibrational  excitation  in 
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